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SUMMARY
Tile stable iohie species formed as the pH value of molybdate
solutions is lowered have been examined by means of the exchange reactions
they undergo with strongly basic anion exchangers. The system is found
T 2~to be a simple one consisting of the normal molybdate (MoO^ ) above pH 7 
and two condensed ions on the acid side of neutrality. Ratios of molyb­
denum atoms to ionic charge (R values) of 2.0 and 5*0 haye been established 
for these two condensed ions in order of their formation as the acidity 
is increased. The results of pH titrations support^these conclusions.
The system is apparently a continuous one, the ion of R value 2,0 
initially co-existing with simple molybdate but attaining predominance 
between pH 5 and 6. The R value 5.0 ion is formed and exists, together 
with the first condensed species,in increasing proportion as the pH of 
the solution is dropped below 5.5. At molybdenum concentrations greater 
than 0,05 g* atom/l and pH oa 1, R value 5 is shown to represent the ion 
of maximum condensation which under these conditions is virtually the 
sole molybdate speciespresent.
Using exchangers of various porosity which were specially manufactured 
the two condensed ions have been separated by an ionic sieve mechanism.
By comparison of these experimental results with those of similar tests
~3~
employing the 12-molybdophosphate anion as a reference, the R value 
2.0 ion is shown to be considerably smaller than the species of R value 
5*0 and that the latter approximates to the heteropolymolybdate in 
siae.
From stereochemical considerations, and by comparison of the metal
to charge ratios of the ions suggested in the literature with those
2- 2-found esqperimentally, the formulae Mo^O-^ * and are pro­
posed for the two condensed species.
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supervision of the Head of Department, Dr. J* E. Salmon, to whom 
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Among others whose help is gratefully acknowledged particular 
mention must be made of Miss Mary McPartlin, and of Mr. H, G-odby, 
Chief Technician.
In conclusion gratitude is expressed to the Directors of 
The Permutit Company Ltd. and to the United Kingdom Atomic Energy 
Authority for providing special materials and financial support 
for the project.
-5-
TABLE OF- CONTENTS
Page No.
Summary ... ... ... ... .«. 2
• Part I. Introduction
1 • 1« HistoricaX ... «•« ... *<>« ^
1.2* Purpose of the Work .... ... ... 27
1,3. Ion Exchange Resins and Their Properties... 29
2.1. Preparation of Solutions and Conditioning of
Ion Exchange Resins., ... 38
2.2. ilnalysis of Solutions and Ion Exchange Resins 44
2.3. Determination of R Values ... ..o' 50
2.4. Laboratory Preparation of Ion Exchange Resins 55
Part 3* Results and Discussion
3.1. Preliminary Ion Exchange Experiments ... 66
3.2. pH Titrations... .... ... ... 73
; 3*3. Main Ion Exchange Experiments ... 84
3.3.1. Selection of a resin capable of admitting
the largest molybdate ... ... 85
3*3.2. Variation of R value with equilibrium
pH and H/Mo ratio ... ... 93
-6-
: Page No
3.3*3* The maximum R value ... ... 96
3.3-4. Molybdenum species at high hydrochloric
acid and nitric acid concentrations 99
•3*3.5. Confirmation of R values using the
columnar technique ... ... 103.
3*3*6. Relative size of the molybdates by ion
screening ... ,,. ... H O
Part 4. General Discussion and Interpretation of Results
4.1. Further evidence for a Two Step Aggregation 133
4.2. Interpretation of R values ... ... 140
4.2.1. The ion of R value 0,5 ... ... 140
4.2.2. Interpretation of R value 2,0 ... 141
\ ■
4.2.3. Interpretation of R value 5.0 ... 144
4.2. Summary of Conclusions ... ... ... ' . 149
References ... ... ... ... ... 153
-7-
P A E T  1
INTRODUCTION
jUl. HISTORICAL
The formation of poly anions on acidification of molybdates has 
been investigated by many workers since Berzelius first observed the 
phenomenon in the formation of the yellow phosphomolybdate ion more than 
130 years ago. All agree that a condensation reaction occurs but the 
actual mechanism of this and the individual ionic species formed in solution 
have not as yet been completely defined.
Close investigation of the isopolymolybdates resulted from the studies
1 2of a group led by G-, Jander * whose classical work with the diffusion 
technique, supplemented by analysis, optice,l absorption, thermometry and 
conductivity measurements, supplied most of the incentive for latex' workers. 
In his diffusion work Jander assumed that for solutions of constant ionic 
strength the observed diffusion coefficient D, was related to the ionic 
weight M, by the formula Dz V/M - constant, where z. is the specific 
viscosity of the solution. This assumption oversimplifies the problem 
in that it does not take into account the shape, charge or degree of 
hydration, hence the effective diffusing mass, of the complex anions or
reference ion. A more refined diffusion technique, but also suffering
'  3from the above faults, was that due to K. Saddington and J, S.Anderson who,
in studies of tungstic acid, eliminated the electro-striction effect due
to concentration gradient, by carrying out tests with labelled (^^F)
and normal tungsten of identical concentration.
■9-
Jander concluded from his investigations that the simple anion is 
stable in alkaline solution and this, on increase of hydrogen ion concen­
tration, first changes to trimolybdic acid, then on further increase to 
hexamolybdic acid, followed by aggregates containing twelve then twentyfour
I c ^
Brintzinger and co-workers 9 9 used dialysis measurements in their 
attempts to resolve the system. Their results led them to suggest the 
same anions as Jander, but they further suggested that these were stable 
in the following pH ranges; pH 1 . 0  - 1 . 8 ,  dodeca~j 1 . 8  - 4-7? heaca-j 
4 . 7  "  6 * 2 ,  tri-$ and 6 . 2  -  8 . 0 ,  mono- molybdic acids. The relationship 
used was k,y;M = constant, k being the dialytic coefficient which is de- 
fined by the equation ~ CQe , where CQ - initial concentration, = . 
concentration t minutes later.
The dialytic approach suffers from the same disadvantages as the 
diffusion method and in addition the results vary, depending upon the 
type of membrane used.
Both the diffusion and dialytic techniques have been critic,ised.
7by P. Souchay , In particular, he objects to the diffusion method
8because (a) it is not an exact method and the formula of Riecke , which 
it invokes, is only approximate, (b) the degree of hydration of the com­
parison ion has not always been considered and is not known with precision, 
and (c) contradictions in the calculations of the masses of ions derived
■Mofol)atoms
from the experimental results of Jander were revealed (especially in 
the case of vanadium).
Gryoscopic data have been gathered by J. Bye^ "**0 who studied the 
displacement of molybdic acid by sulphuric acid, He found that in dilute 
solution Na^HMogO^ was formed first then Na^H^MogQ^. In .concentrated 
solutions it was held that other ions were present but these were not 
described. As evidence in support of tne above-mentioned ions Bye des­
cribed the precipitation of NaglvIoO^ , Na^HMogO^ and Na^H^MogO^ with
ethyl alcohol. In the earlier work Bye had postulated the existence of
lu 6 -H7Mo6°24 or h8Mo7° in HCl'-Na^MoO^ solutions.'
Other workers to interpret freezing point depression data were
p  1 2  /  1 3Y. Doucet et al, and G*. Carpeni . Both schools suggested that the .
2-  *lowest aggregate is Mo^O-^ . It is perhaps significant that similar work
on paramolybdates led Doucet to agree with the Delafontaine formula, for
these compounds, e.g. (NH^gMo^O^.AH^O.
Carpeni had earlier suggested*^ that the first product of condensa-
13tion could be but in his later work he assumes that
instead of being a strong, completely dissociated dibasic acid, is 
dissociated only $0% in the first stage, which'fact had led to the formula
HgMOgO?.
The literature contains more references to electrometrio investi­
gations than any other approach to the molybdate problem. Broadly, these
fall into two groups, conduotometrio and potentiometric measurements..
If equilibrium between the ionic species is arrived at instantaneously,
or within reasonable time, titration methods can be applied. This
technique has been used extensively in potentiometric and conductometrio
studies of molybdenum, tungsten, and vanadium.
Brintzinger^, Jander^ and Bye^*"^ have all used potentiometric
methods to support their findings regarding the mechanism of the molybdate
condensation. pH measurements have been the most rewarding of these.
Because the formation of the anionic complexes is a condensation process,
it requires the consumption or release of hydrogen as aggregation increases
or decreases respectively. H, Britton"^* G-. Carpeni*^1*'^ 7,18,19 and
20Travers and Malaprade have also done extensive work in this field.
Britton has published the results of both neutralisation and acidification 
titrations of raolybdates and found that two distinct inflections occur.
The incidence of the first, with 0,5 equivalents of NaOH per mole of 
MoO^ confirms the existence of polyacids in solution, whilst his co­
worker Bevan has demonstrated that the reaction v/hioh occurs, when the 
next 1,5 equivalents of alkali are added, i,e, the amount required to 
convert Na^Mo^O.^ Soverne& ty the ionic equilibrium *
Mo ,0,,2~ + 3Ho0 ^  4MoO. + 6H+ '•
¿ 1 -1 5  £  ■ 1+
, ~ 3 7the dissociation constant being approximately 10 .
Carpeni titrated solutions of MoO^^H^O using a glass electrode.
-12-
Like Britton he found two inflections, the first at 0.5 equivalents of
base per MoO^ and the second after the addition of 2,0 equivalents.
The first inflection he interpreted as the formation of Ivl^ Mo^ Oy or
M^Mo^O-^^ and the second as decondensation to the simple molybdate, j
13Na^MoO^, As mentioned above he later discounted the existence of 
2-an Mo^O^ ion, Gar.peni also pointed out that the addition of a 
neutral stalt, e,g„ NaCl, retarded equilibrium and during the titration 
made the solution more acidic causing a shift in the first inflection, 
the size of which depended upon the nature of the base. Another effect 
of the addition of a neutral salt was that the inflection became less ,
1 7  1 Qsharp, Carpeni also carried out investigations 3 on the rate of 
condensation of molybdates, suggesting that the reactions involved were 
much slower than had been appreciated by other workers. He modified
1 9  , 2 1this opinion in the later paper and it remained for Bye and Schwing ,.
22and G-.S.Rao and S.N.Banerji to remove remaining doubt on this point,« 
The investigations of both these groups pointed to a virtually instant­
aneous reaction with no changes after three months standing,
'10It was Bye who first pointed out that in the formation of poly 
anions, the titration curves were often parallel with a shift such as 
6 pb/8 log M =: constant, where M » total concentration of the metal ion. 
Bye’s explanation of this was that two metal ions containing different 
numbers of Mo atoms were in equilibrium and he used this assumption to
6 —prove that MOyO^j^ ~ was the. first, poly ion formed as the pH of normal
monomolybdate solution was lowered,
/  23Carpeni drev/ the following general conclusions regarding factors
influencing condensation in molybdate solutions. The constitution of
polyraolybdate solutions depends upon the concentration of MoO^, the '
pH, the ionic strength, the age of the solution end temperature, (As
mentioned above, the age of the solution is no longer considered a
factor). At concentrations of molybdenum below 0.0003M there is only
2 -one specie, MoO^ , over the whole pH range, exists.in
acid solutions of MoO., concentration between 0.002 and 0,02 M, Neutra3.i
5
sation of these solutions forms the salts of this acid, which degrade
into simpler molecules, For concentrations of Mo0^ above 0,02 M very
complex compounds of molybdenum containing eight or even sixteen Mo
atoms per molecule are pare sent,
•' 18It was Carpeni also, who revealed "A remarkable point of inter- 
section’1 in pH measurements, the "isohydric point1 or point of equal 
hydrogen ion activity, this was compared with the "isobestic point11; 
point of equal extinction in spectrophotometry. He shov^ ed that in 
solutions of constant ionic strength there is a certain base to' acid . 
ratio at which the pH is constant and independent of the aoid concen­
tration, i.e.6 pH/8 log M ~ 0. Carpeni suggested that this point 
gave an idea of the atomic ratio of the ion and it indicated that in
these systems a single equilibrium between two ionic species, and two 
only, existed.
2k 21Lindqvist and Bye and Schwing have shown that these points
represent only the conditions for maximum or minimum aggregation in
solution and do not supply fundamental information on the composition
of the ions. The latter workers, measuring. pH with carefully refined
quinhydrone electrodes, studied the shift of the isohydrio point under
the influence of temperature as well as salinity. Their conclusions,
which included the previously mentioned.observations on rate processes,
were, (i) the displacement of molybdic acid or its neutralisation does
not give rise to any observable kinetic phenomenon; steady equilibrium
is realised in well under one minute; (ii) the isohydrio point in the
case of molybdates is displaced under the effect of variations in
temperature or ionic strength,
25 ‘ • ■Schwar2,eribach has confirmed this rapid equilibrium, at least
for the first step in acidification of the simple molybdate, in his
streaming electrode pH measurements where the reading was made about 
-210 seconds after mixing. He has shown that condensation is practically 
complete in that time, the reaction being only slightly slower than the
2- u.protonation MoO^ + 2H — ^  H^MoO^ and some 100,000 times faster
than the dimerisation of HCrO, . ' •
k  . '•
2 6  *$*■From e.m.f. measurements, Sasaki*" has calculated H for the
-15-
acidification of a molybdate over a wide range of concentration.
Knowing the total hydrogen and molybdate added to the system a cal-
+ 2 -  culation of the average number of H consumed per MoO^ and the
average charge per Mo can be made. He has concluded that the main species
6 -  ' present down to pH ca. 3*5 is Mo_,02^ or the mono- or di-protonated
forms of this.
27P. Canncn on the other hand has described all displacement of 
inflections in potentiometric curves and shift of the breaks in con­
ductivity curves as being due to activity and dilution effects and 
maintains that it is possible to explain all the results of both e.m.f. 
and o onductivity. measurements on the basis of a simple one step ionic 
aggregation process complicated by activity and hydrolysis effects, rather 
than a series of aggregations. He throws serious doubt on the existence
of the paramolybdate ion and suggests that the ion formed is a tetra-
2- / " molybdate Mo^O^ .
Those who have relied almost entirely on conductivity measurements
have produced results that are hard to reconcile with the opinions of other
28 29workers. R. Bipan and A. Duca 9 have suggested that ,!hexamolybdic acid” 
H^MoOg is first formed on acidifying paramolybdate and this gradually 
changes on standing to first Hg f MoO^(loO^)^ j then to Hgj (Mo02(Mo0^)^ 
and Hg|M°0(Mo0^)(- j and finally to Hgj Mo(MoO^)^ ] , the paramo lyb die 
acid. Both the hexa- and para- acids are alleged to undergo
—16—
!,unique dissociation” regarding two of the hydrogens, the structures
H -* “I  d  ?  ^being represented by ^2 MoOg \ and ^2 |Mo(MoO^)g| , Two years later
if w* *<* 4- i* -J
further conductometric studies of sodium molybdate solutions with nitric
30acid led these workers to postulate that the simple molybdate on 
acidification in 0.1 M solution with 3i0 M nitric acid first condenses 
to Mo6021 .
1 2  10 31G. Jander 9 and J, By6 9 used conductometric results in support
' " 3 2  •of their other findings, whilst D.V.Ramana Rao and B. Pam carried out
conductometric titrations of sodium molybdate with organic acids (oxalic,
lactic and tartaric). Their graphs showed breaks at the addition of
2 —about 4-, 7 and 9 H*ions for each 6 MoO^ ions (i.e. 0.67, 1.17* sad 
1.5 H+/Mo). These breaks occurred at pHfs of 6.5, 4-*5, and 3.1, the 
total pH range being 7.8 to 2.7. This information was put forward only 
as evidence for the condensation and formation of polymolybdates in 
stepwise aggregation«
By measuring the magnetic susceptibilities of solutions of normal
s 52
sodium molybdate in aqueous nitric acid, S.C.Das and P. Ray constructed 
a susceptibility curve which showed a strong deviation from the mixture 
law and was characterised by four well-defined inflection points or 
breaks. These corresponded to the addition of 4-, 7, 9, and 10.5 
hydrogen ions for every 6 Mo0^ ions (i.e. 0,67, 1 .1 7, 1*5, and 1.75 H /M$o
-17-
Das and Ray claimed agreement with Jander and co-workers confirming the 
existence of para, meta, and octamolybdates with the compositions,advocated 
by Jander*
Optical techniques present another means of investigating the
/  3Lmolybdate system, Carpeni showed the dependence ofwavelengths of 
bandheads on the concentration of MoO^ and the dependence of molecular 
absorption coefficients on the concentration of MoO^, pH and ionio strength. 
The latter results were shown graphicallyj Beer’s Law applies to solutions 
having pH of 5,5 or more, but fails for more acidic solutions. Following 
the titration of molybdic acid spectrophotometrieally the same worker 
found that changes in ionic strength had little effect, if the pH was 
between 2c5 and 5.2 except to cause stepwise rather than progressive 
absorption.
35 . ■Lindqvist also using a spectrophotometric method for studying
the formation of polymolybdate ions claims results that confirm his
earlier work in this field in which he suggests the following aggregation
2— -v,steps on the acidification of neutral molybdates, MoO^ —y  Mo^O^ —tK/'
:
Two promising optical techniques have been described in a paper
pi
by L#H.Jenkins and S,Y,Tyree ' namely light scattering and refractive 
index measurements. As the authors maintain, ’’The ideal method to investi­
gate such, systems as the acid molybdates is one which neither changes the
- “18-
system when the measurement is taken nor depends upon the degree of 
dissociation or activity of the species present,” Using a Brice-Phoenix 
differential refractometer at a wavelength of 436 mp the authors produced 
a series of curves for sodium molybdate - perchloric acid mixtures at 
Na^MoO^ concentrations of 0,5000, 0,4-000, 0,3000, 0,2000, 0,09961, ,6.04997> 
and 0,009995 M. At each concentration the H /Mo0^ ratio was varied . 
from 3/6 to 11/6 (0,5 to 1.83) in 1/6 steps. The curves which were plotted 
as ,5& readings against H /MoO^ ratio, where Sd is the index of refraction 
increment divided by the instrument constant, showed a maximum at ca, 7/6 
(1.17) ratio and a well defined minimum at 9/6 (l,5)* Because 6d/Sc » 
const, k where c is concentration of solute, the authors Yfere able to 
deduce, from similar plots for the pure compounds in solution, a theoreti­
cal 6d value for the Na^MoO^ - *^10^ solutions if it were assumed that 
no reaction occurred between the components. As all experimental values 
were lower than these theoretical 6d figures, because of interaction, a 
plot of the difference between theoretical and.observed values was construct­
ed, This plot showed very clearly a maximum at the 9/6 ratio, but a 
minimum at 7/6 was much less distinct. From these refraction data and
/ \ 2— 1consideration of Lindqvist’s stepwise reactions (a) 7Mo0^ + 8H — ^
Mo?02iJ ' + 4HgO and (b) 8MoO,2“ + 12H* «-» MogOgg^“ + 6H205 -the authors 
were able to make the following assumptions s Over the concentration 
range studied the initial reaction is according to (a) above and when the
-19-
ratio 6,86/6 is reached all Na^MoO^ has been converted to Na^Mo^O^, From 
concentration ratios of 6,86/6 to j / 6 reaction (b) takes place.
These conclusions appeared to be supported by their light scattering 
work. As all readings were made within five minutes after the addition 
of perchloric acid, Jenkins and l^ yree carried out repeat observations over 
periods of one to four months. , They decided from the latter tests that 
the reactions are virtually instantaneous,
The light scattering measurements were made with a light scattering 
photometer constructed by the authors. All readings were made at 25°C 
with light of.436 mp wavelength after scrupulous filtration of the test 
solutions. The ratio of relative intensity of transmitted to scattered 
light was measured with the aid of a reflecting galvonometer and'photo-
+ 2 -  ■multiplier tube, Maxima occurred at 7/6 and minima at 8/6 H /MoO^ 
ratios. Minima at 8/6 concentration ratios ?\rere taken as evidence for 
the fact that such solutions are not near 1 s 1 mixtures of the hepta and 
octamolybdate, but rather that they are caused by unreacted monomolybdate 
and octamolybdate. In general the results are interpreted as agreeing 
with the Lindqvist reaction mechanism.
36Further optical work was carried out hy V.N.Wanchoo who studied 
the depolarisation of transversely scattered light in 0,1 - $0% aqueous 
solutions of sodium molybdate over the pH range 0,5 ~ 8.0, He found that 
in basic solutions the ion size was below IQOpp, but as the pH was decreased
-20'
■below 7 the size of the ionic aggregates increased to a maximum in the pH
range 2,5 ■* 4«0 and decreased at lower values, Frcmmeasurements with the
37 •polarising microscope H Frey claims to have established the presence of
Na^MOgO^ at pH 5*65 and at pH 3*8 NaHMo^ O-,; a deduction severely criti-
3 8cised by I. Lindqvist in a review of the subject* The interf ero-
- v 39metric measurements of M. Li aka and E, Plskcr on titrating Na^MoO^ with 
HCIO^, HNO^ or HC1 showed a sharp discontinuity at the ratio
2 Mo : 3 H+. This was interpreted as evidence for the metamolybdate ion 
and agrees with most of the literature in which the most definite dis­
continuity is that occurring at H+/Mo = 1.5» Other isopoly acids did not 
show up on the curves. >
T, Nomitsu and J. Hinonaka^ attributed the decreased exchange rate 
for chloride-molybdate exchange on IRA 410 anion exchanger (a porous 
strongly basic resin) to the condensation of molybdate ions in aqueous 
solution. The network of the resin used would not permit uptake of ions 
larger than parainolybdate.
By the paper chromatographic technique L. Csanyi^ showed that 
instead of obtaining a homogeneous product on acidification of monomolybdate, 
an equilibrating system of different aggregates forms. He further suggest­
ed that the most stable polymolybdate ion formed under his experimental 
conditions was the hexamolybdate. He was able to distinguish only two 
spots with certainty, one corresponding to the simple molybdate with
Bp 0*58 and one due to the condensed ion, R^ 0.23* Tails spreading 
between the two indicated mixtures on progressive acidification.
Ultrafiltration studies of inolybdic acid solutions at various pH
v. ' 4 2values enabled A. Biad Tourky and I.M.Issa to postulate that states
of equilibrium in which one polymolybdate is formed as the sole molybdate
ion in solution did not exist at pH less than 7*5* Particles of colloidal
dimensions were separated in quantities that increased as pH decreased.
43D> V.Ramana Rao has made attempts to define the composition of
aqueous molybdates by precipitation. He observed that o,n adding Ba, Sr
and Ca salts to acid molybdate at pH 2.83 no precipitation occurred, but
on the addition of NaOH as titrant precipitation commenced at pH 4*18 for
the .molybdates of all three metals. Because the metals were precipitated
. 2- .as the simple molybdates, he assumed that the concentration of IvioO^  had 
become great enough at pH 4*18 to exceed the solubility products of the 
metallic molybdates. Mention was made of the fact that Jander predicted
¿ i n i  ,  _  ¿ i / . t -primarily the trimolybdate ion Mo^O^ at tnra^|^v ^ The same school 
studied precipitation with a, a!-bipyridyl. A solution of this compound 
added to sodium molybdate gave no preoipitation at pH 8.8. On addition 
of HC1 a white precipitate formed at pH 1.92 which was free from Cl and 
analysed according to the formula | (Bipyr.H^jAiH^Mo^O^) j .
I. Lindqvist^ ’ ^  has ma.^ e extensive studj.es of 
molybdate ions mainly in crystals but also in solution. His orystallo-
-22-
graphic work has been well established and from consideration of molybdate 
ion structure in solid molybdates he has suggested that the tetramolybdate 
is a dimer ^°q^26^ ^oth state and in solution* Evidence
for the latter assumption is not conclusive. Over the pH range 4*5 to
• • 6 -  '1*5 Lindqvist postulates the existence of Mo^O^ or fragments of the
ion and WiOqO ^ ^  according to the following order on acidification of
2** ,neutral or basic aqueous molybdate solutions* — **
WoqO-J*' larger complexes*
Although the experimental work which follows does not examine in 
any detail the cationic and further anionic complexes of molybdenum at 
higher acidities, the following references, which deal with the D.imiting 
range of existence of the molybdates and the products of their ultimate 
degradation,* serve to show that, as with the formation of the individual 
molybdates, an equilibrating system is set up in which the individual 
species overlap.
50A. K, Babko and B.I.Nabivanets studied the state, of Mo YI m  
solution in relation to the acidity by determining the direction for the 
movement of the Mo ions on electrolysis at diffex'ent pH values. They 
also examined the solubility and precipitation of Mo07 in relation to H ,
, V '
For pH > 1.1 to 1,8 MoVl was found to exist in anionic form. The iso-
electrio point of molybdic acid was found to be at pH 1,1 in solutions
of HN0_ and HC10, . For Mo07 the isoelectric point occurred at pH 1,8 3 . 4  3
~23~
using the method of solubility. The solubility of crystalline MoO^ 
at the isoelectric point was 6.5 x 10 ^ moles/L (solubility method) and 
1,02 x 10~2 (method of precipitation of the hydrated oxide). For 
pH < 1,1 the state of Mo depended on the nature of the acid. In the 
presence of HC1, molybdenyl cations were formed over a harrow HC1 concen­
tration (ca. 0,2 - 2 N), At higher concentrations complex chloride 
anions were formed while with H^SO^ the complex anions predominated for 
all concentrations. In HNO^ (and HCIO^) the cation forms predominated.
In a seoond part of their work the authors followed the sorption of MoVI 
by ion exchange depending upon the acidity of the solution. In the 
absence of complexing agents and for pH>l MoVI was completely absorbed by' 
anion exchangers, the absorption on cation exchangers was insignificant 
indicating that the anionic forms of MoVI predominate. For pH ^  1 the 
sorption on anionic resins decreased and increased on cation exchangèrs, 
indicating the development of cations in solution. It was concluded, 
on the basis of the absorption studies with the cation exchanger Wofatit,
that in strongly acid solutions (pH^O.7) monomerio forms of the molyb-
2+denyl ions predominated. Suggested formulae for these ions are Mo02 
or Mo0(0H)22+.
51  .F. Chauveau, R0 Schaal and P. Souchay deduced the existence of 
cationic molybdenum from optical density measurements of l/lO m.m. layers 
of solution between 2100 and 2500 A. They assumed that at 0,01 M oon-
-24-
centrations of Mo and with HCIO^ acidities between 0.02 and 5 N, the Mo 
cation is basic and bi-condensed, This was confirmed by solubility 
measurements of MoO^ in acids and by an optical absorption not far from 
that of the tetramolybdates.
52Coope and Thistlethwaite noticed that whilst absorption spectra 
of molybdate solutions followed the same pattern for hydrochloric, perch-* 
chloric, and sulphuric acids, up to 0.5 N acid concentration, a similar 
series with nitric acid showed evidence of nitrate molybdate interaction.
The work was extended in a later paper by the same authors to higher 
concentrations of HCIO^. They foxmd that there wras a definite aoid 
concentration for maximum absorption "optimum acidity” after which the - 
absorption decreased. This decrease was attributed to the decomposition 
of the complex with formation of Mo cations, and it was pointed out that 
the "optimum acidity” occurring about 0,06 M agreed with the acidity above 
which Souchay et al. had predicted Mo cations. An equilibrium was suggest­
ed, as follows : Mo anions (M°0^)n Mo cations. The cations
may be in different stages of aggregation.
5 4  .H.M.Neumann and ,C0Cook investigated the species of MoVl m
high hydrochloric acid concentration by ultraviolet spectrophotometry.
They applied spectral information from synthetically prepared compounds 
of Mo containing Mo and Cl in ratios of 1 : 2, 1 s 5 1 : 4, to the
analysis of the spectra of Mo in hydrochloric acid solutions. They
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found that the species containing 2 Cl was most important in such solutions, 
and at maximum concentrations the species containing 3 Cl became import­
ant but there was no evidence for the formation of a compound with Mo i Cl 
ratio greater than 3* It was assumed that the species containing Mo/Cl ~ 
1/2 was the one removed in solvent extraction from strong HC1 solution
and also that absorbed by anion exchangers from similar solutions,
55K.A,Kraus, P. Nelson and G.E.Moore , in their ion exchange studies 
of Mo VI,WVI, and U VI detected negligible exchange of Mo or U below 0.5 N 
HC1 concentrations but a strong absorption at 5 M HC1. The great similari­
ty in distribution coefficient (d ) for Mo and U and particularly the 
similarity of the slope of their curves d log D/d in MCI at low HC1 con- , 
centration, suggested that the initial complexing of these elements was 
similar. This implied that the uncoraplexed Mo species in the more
'* Or p tacidic solutions (HC1 XL 1 M) is MoO^ in analogy with UO^ * Although
it was stated that little was known of the composition of the cationic
—n+2species, it was thought that these might take the form MoO^Cl^ where 
n  =  3  o r  I f ,
Similar results regarding the distribution coefficient between
strong HC1 and a variety of solvents were obtained by I.Nelidow and R.M,
56 ’Diamond • Maximum distribution ratios were obtained in the extraction
experiments in ca, 5 M acid.
Evidence for the existence of cationic Mo was found by M.M.Jones57 '
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¥/hose work on the solubility of MoO^ in aqueous perchloric acid of con-
2+centrations between 0.182 and 1,274 M indicated not MoO^ ions but
polymers of the form ^(MoO^) (MoG^)^^ j where x is the number of MoO^
molecules involved in the formation of such an ion,
51F. Chauveau measuring optical densities of solutions of 0.01 N. 
or 0.1 N Mo as functions of HG1 normality showed the presence of two 
complexes. By varying and keeping j constant in HC1 - HCIO^
mixtures, straight lines were obtained indicating U oO ^O l^ Similar 
work with H^SO^ led him to suggest the presence of H(Mo0^.H2S0^)+ at high 
concentration of sulphuric acid.
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1.2« PURPOSE OF THE WOBK
The preceding survey of the literature serves to emphasise the
diversity of opinion and indeed confusion that still exists concerning
the composition of molybdates in aqueous solution of varying acidity.
There is general agreement on one point only and this is that above pH 7
2 -the simple molybdate MoO^ is the only ion in existence. As the pH
drops below 7 and aggregation starts, the number of species postulated
is impressive. For example, in the scope of the above survey, the follow
ing suggestions may be found for the first pii'oduct on acidification of
, 2«.the simple molybdate MoO^ , excluding the protonated forms of this ion$ 
MoOg6“, Mo20?2“,. M o ^ O 2"", MogO^' , HMogOg3", H^MogO^3“ and
MOyOg^*"* On further addition of acid the consumption of hydrogen by 
the condensation reaction brings about a comparatively small drop in pH. 
This buffered region extends from pH 7 until a further sharp drop towards 
pH 3 end it is over this range that most of the work on the poly anions 
has been carried out. Comparatively little investigational work has 
been done on the most condensed anionio species existing in solutions at 
and near the iso-electric point* variously quoted as occurring in the 
vicinity of pH 1. . Difficulties are encountered in this region with a
number of experimental techniques. For example, pH titrations become 
insensitive to incremental changes in due to the exponential
nature of the pH scale. Conductivity measurements become unreliable
because of the ’’richness’1 of the solutions, particularly with respect to 
foreign ions. For the same reason diffusion and dialysis measurements 
are also upset*
Taking all these facts into consideration, a need obviously existed
for elucidation of the aqueous molybdate system, particularly in the
loY^ er pH range, It is towards this objective, therefore, that the work-
described in this thesis was directed.
Re-investigation of the system by techniques already used seemed
pointless and it was thought that the most beneficial approach v;ould be
one employing a method of measurement completely new to the field. Such
a method was available in ion exchange which had been found useful by „ *
58 59 . 60Salmon, Everest and others in their studies of germanic ? , boric ,
6 l  6 2  6 3arsenious , telluric and vanadic acids* Further, the modern syn­
thetic ion exchangers were known to maintain their properties over a wide 
pH range and it was hoped that this vrould make possible a closer study 
of the more acid solutions where other techniques had failed. Therefore, 
it v/as decided to employ ion exchange on synthetic resins as the main ex­
perimental approach, supplementing it where necessary with other techniques.
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1,3. ION EXCHANGE RESINS AND THEI.R PROPERTIES
Reference to the removal of salt from brackish watexas and ammonia 
from liquid manures had been made by early writers, such as Bacon, Davy, 
Liebig and others but it was two English agricultural chemists, Thompson 
and Way, who are credited with the recognition of the phenomenon of ion 
exchange. Thompson, in 1848, reported to Way that ,on treating a soil 
with either ammonium sulphate or ammonium carbonate, most of;the ammonia .' 
was absorbed and lime released. Over the years 1850 to 1854- Way reported 
the results of his careful investigations of this "base exchange" pheno­
menon to the Royal Agricultural Society. His conclusions regarding the 
ion exchange component in the soil, the stoichiometric nature of the 
exchange, the effect of concentration and preferential sorption of ions 
are still entirely valid.
Ion exchange properties are exhibited by many clay minerals, which
can be considered as aluminium silicate skeletons together with sufficient
*<* *
j ^ *A» O O Ocations, such as Li , Na'1, K , Mg " , Ca , Fe etc, to neutralise any 
excess negative charge on the silicate framework. Provided the structure 
of the minerals is not too compact these cations can be exchanged with 
others in equivalent quantities. For example, the natural zeolite 
analcite N a A l S i ° n Pr°3*on&e& leaching with KC1, can be changed 
quantitatively to the isomorphous potassium mineral leuoite, ICAlSi^O^. 2^0, 
Many of these natural zeolites, such as greensand, were used commercially .
for base exchange water treatment until fairly recently. Their exchange 
capacity was low, hoYrever, being only of the order of 0.03 to 1.5 meq* of 
cations per dry gramme of material, compared with the modern, synthetic 
cation exchanger*s capacity of oa. 5 meq./g.
The low capacity of natural zeolites led to the development of. 
synthetic alumino - silicate gels with capacities of two to three times 
that of greensand. These ’^ ermutites” were used extensively for water 
conditioning for many years and have only recently been displaced by the 
modern exchangers mentioned above. They suffered the great disadvantage 
that being irreversibly decomposed in acid solution, their versatility 
in other chemical applications was severely limited.
During the 1930s great impetus was given to ion exchange as a unit 
process by the development almost concurrently of two new types of exchanger. 
The first were prepared by the modification of natural products, such as 
peat, coal, lignin, etc, Sulphonation of soft coal and the introduction 
of SO^K groups, for example, gave a cation exchanger which, for the first 
time, was able to operate on the hydrogen cycle. This immensely important 
invention was almost overshadowed by the development in 1935 of completely 
synthetic resins by Adams and Holmes • The sulphonated coals, however, 
found wide use in water treatment and are still used in some of the older 
chemical plants. Introduction of exohangers where both structural 
matrix and active group v/ere synthesised marked the most important
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development in ion exchange and has led to the versatile modern exchanger
which has found application in every field of chemistry.
Adams and Holmes first carried out poly-oondensation of various 
dihydric phenols and formaldehyde in a similar manner to the fbakelitef 
process and showed that the weakly acidic OH groups would form salts 
in solution of high pH. They further showed that,by introducing the 
strongly acid group SO^H by sulphonation of the above resin or substitu­
tion of the appropriate phenolsulphonic acid for phenol in the initial 
condensation reaction, an insoluble exchanger was formed that was ionised 
over the whole pH range and could be used in the hydrogen form. The 
first anion exchangers were also made by Adams and Holmes from a suitable 
amin©, such as m-phenylenediamine and formaldehyde. This resin was 
capable of absorbing mineral acids and they demonstrated for the first 
time the deionisation of tap water by a two stage process, the first 
stage being hydrogen exchange, followed by sorption of the mineral acid 
formed on the free base form of the anion exchanger.
A more recent development in synthetic exchangers has been the
introduction of the polymerization resins. These are resins where the 
structure of the matrix is well defined and is obtained by the poly­
merization of an unsaturated monomer. Insolubility and general inertness 
of the resin is enhanced by introduction of a controlled percentage of 
bifunotional monomer before polymerisation which crosslinks the otherwise
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\straight ch&in polymer giving a massive three dimensional structure*
65In 1944 dfAlelio introduced the most successful of all resins, the
polymer of styrene crosslinked with divinyl benzene. When polymerization
is carried out as a coarse suspension in v/ater, the familiar bead form of
the resin is obtained. Sulphonation of this proceeds quantitatively with
hot concentrated sulphuric acid and the cation resin so formed is the
modern monofunctional strongly acidic resin in use to-day. The synthesis
and struoture of such a resin are shown diagrame.tically in Pig. 1«
On a similar co-polymer of benzene and divinyl ben&ene an anion
active group can be introduced by first chloromethylating with chloro-
diraethyl ether follov/ed by amination of the CH^Cl group* Primary and
secondary amines produce weakly basic exohangers but a tertiary amine forms
the quarternary ammonium configuration on the nitrogen which gives -a
strongly basic group ionised over the entire pH range. A diagrammatic
scheme for the synthesis and structure of this quaternary ammonium form
resin is also shown in Pig.l
This strongly basic anion exchanger and, in one or two cases the
strongly acidic cation exchanger, were the resin types used throughout
the experimental work.
These resins behave as hygroscopic gels, swelling or shrinking
reversibly with absorption or desorption of water, complete solution
being presented by the orosslinking mentioned above. The active groups 
v
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can be considered to be fully ionised under all conditions and there is 
approximately one such group attached to each benzene nucleus. Exchange 
reactions between these resins and ionic solutions are completely re­
versible. Thus, if an anion exchange resin ft in, form A is treated with 
a sufficient quantity of B” (aq.), it pan be completely converted to form 
RB according to the reaction ;
RA + B~ (aq.) RB + A~ (aq.)
as long as the A~ released is continuously removed, e.g* as in the columnar 
operation. Where A is not removed as in the batoh technique when RA is 
put into a limited volume of solution containing B , an equilibrium is 
set up ;
RA + B~ (aq.) RB * A- (aq.)
and the resin will exist as a mixture of forms RA. and RB, This equilibrium 
is reproducable and independent of the direction of the above reaction.
The Law of Mass Aotion applies to the system in that the equilibrium is 
displaced according to the relative proportion of RA and B but this is 
further influenced by the selectivity or preference of the resin for 
one ion or the other.
Selectivity or affinity of resins can be expressed ideally as the 
concentration ratio of ions on the resin and in solution, e.g, for the 
above reaction $
L J
where IC^  is the "selectivity coefficient" and resin concentrations have a 
bar above them. This expression may be arrived at by considering the 
resin to be a solid oonoentrated electrolyte solution with the resin ion 
(cation above) large and non-diffusible. The well known Donnan membrane 
equilibrium can therefore be considered to prevail. This requires that 
the ionic activity product for any permeant electrolyte should be the 
same inside as outside the semi-permeable medium, i.e. ;
8# # Or *35 Q, # f i l
4 - w 4«A X  A X
+ ' where X is the permeant oation and bars above indicate the resin activities.
For a system containing two anions (A~ and B~) and the same cation (X*)
this becomes ;
•cv* ma . a a . a
A~ X = A~ X
ON Wa « a a . a
B~ X B~ X
cancelling oation activities and introducing concentrations the expression
for the selectivity coefficient becomes ;
On the basis of the above argument, the calculated selectivity
coefficients show the qualitatively correct direction of the relative
affinity and the right order of magnitude, but not the quantitatively
accurate value. Further support for the Donnan scheme for ion exchange
affinities comes from variation of the resin concentration and hence resin
aotivity. This is done by varying the degree of cross-linkage which
has a corresponding effect on the charge density of the resin, this being
high for the slightly water swollen highly cross-linked resin and low
for the highly swollen resins of low cross-linkage. Reichenburg and 
66McCauley demonstrated this effect convincingly by varying the divinyl- 
benzene content of sulphonated polystyrene cation exchangers. At 5% DVB 
the selectivity coefficient remained approximately constant at all mo,le 
fractions of the total capacity of the resins for Na - H exchange but at 
2rf/o  DVB there was a marked increase in the selectivity.
Generally, the increasing order of affinity of a resin for a series 
of ions of similar type is given by the order of their decreasing activity 
coefficients in concentrated solution, Two such typical affinity series
naphthalene sulphonate. Thus the factors influencing selectivity are 
those controlling aotivity in concentrated electrolyte solutions and 
although these are not completely known the two main determinants in the
case of both solutions and resins, are the hydrated ionic radius and 
polariz ability of the ions.
The rate of exchange and hence the attainment of equilibrium is 
an important consideration in the effective use of resins. Without 
going into the mechanism of the exchange as suggested by Boyd, Adamson, and
6 7  6 8Myers ,Tetenbaum and Gregor , and others, it can be said that while the 
rate of exchange of ions between resins and solutions is slower than 
between electrolytes in solution, it is still much faster than the slower 
organic reactions where covalent bonds have to be broken. The slowness 
of ion exchange reactions can be accounted for in the time requix’ed to 
transfer ions from the interior of the resin to the external solution 
and vice versa. In general, a high rate of exchange is favoured by the 
following conditions > (a) a resin of small particle size, (b) efficient 
mixing of resins with the solution, (o) high concentration of the solu­
tions, (d) a high temperature, (e) ions of small size, and (f) resin of 
low cross-linkage.
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P A R T  2 
EXPERIMENTAL
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2.1, PREPARATION Off SOLUTIONS AND CONDITIONING- Off ION EXCHANGE RESINS 
All the reagents used in these studies were of analytical quality, 
dissolved in cr diluted with de-ionised water. The main source of molybdenum 
was ammonium paramolybdate (NH^)^Mo^ 0 4 - ^ 0 ,  but in the later work sodium 
molybdate, NagMoO^^H^O was also used,
Molybdio acid solutions were prepared by hydrogen exchange in solutions 
of either of these salts by passing them down a column of the cation resin 
ZeoKarb 225 in the hydrogen form. This resin had been scrupulously freed 
from foreign ions and completely converted to the hydrogen form by treatment 
with a large excess of warm, constant boiling concentration hydrochloric 
acid. After washing the column with de-ionised water until the effluent ■ 
gave a negative chloride test, the excess water was drained to the resin 
bed level and the molybdate solution passed downwards through the resin at 
a rate, depending on the ammonium or sodium ion concentration, so that the 
acid produced was free from either cation for the maximum volume. The 
dilute fore runnings and contaminated acid obtained between sodium or 
ammonium breakthrough and saturation of-the column, were combined and used 
for making up subsequent batches of the salts for hydrogen exchange,
The molybdLo acid solutions so prepared had pH values down to circa 
1,2*. depending upon concentration and were particularly stable towards pre­
cipitation on ageing. Contrary to expectations from the insolubility 
of molybdenum trioxide and MoO^^H^O, the acid could be prepared in any
concentration up to 0.6m in Mo, the highest concentration used, without 
precipitation occurring in the column or on standing. Such solutions of 
the acid thus seemed to have a solubility approaching that of the simple 
molybdate or the ammonium para-salt. Light had an adverse effeot on 
these highly acid solutions, however, and on standing in strong sunlight 
there was fairly rapid reduction with formation of a molybdenum blue 
colouration. If the hydrogen form resin used in preparation of the acid 
was contaminated with a reducing compound, such as charred material from 
the sulphonation, a similar reduction was noticed which could be offset, 
at the expense of acid yield, by increasing the solution flow rate.
In the course of the work molybdenum solutions were required at many 
different pH values. These were obtained by blending the sodium or 
ammonium salts with molybdic acid, by adding mineral acid to molybdic 
aoid for pH values below that of the molybdic acid and where pH higher 
than that of either sodium or ammonium molybdates was required, by adding 
sodium or ammonium hydroxides to these solutions. The pH of 0.15 M in Mo 
sodium molybdate was found to be oa, 6,8 and that of 0,15 M ammonium para- 
molybdate ca, 5.3* The new neutrality of the sodium salt solution and 
lew pH of the acid suggest that the molybdic acids are reasonably strong. 
When large numbers of tests of various pH were required and these values 
lay between the pH limits of the sodium or ammonium salt and molybdic acid, 
it was found advantageous to make both salt and acid solutions identioal
- / f 0 -
in the molybdenum concentration required, so that preparation of the tests 
became a matter of mixing the two until the desired pH was obtained.
In all other cases analysis of individual tests was carried out before and 
after equilibration with the ion exchange resin.
The heterop.oly acid H^PMOj^O^ was PrePar6(^  same manner as
the isopoly acid. Starting with a colourless solution of the sodium salt 
which was passed through the hydrogen form resin column, appearance or 
disappearance of the acid at the foot of the column was self indicating 
by virtue of the intense yellow colouration of its solution.
For solutions of medium acid pH, especially those containing ammonium 
ion, there was a tendency towai'd precipitation at higher concentration. 
Fortunately the onset of this precipitation was usually delayed longer than 
the time required for resin equilibration but tests could not be left in­
definitely, as they could in the case of the pure acid or solutions of pH 
greater than 7* This insolubility of the acid in the presence of ammonium 
salts could be seen clearly if partly exhausted hydrogen form resin columns
»IVwere left standing for some time. The area of the NH^‘,H exchange front 
was characterised by white precipitation between the clear paramolybdate 
solution above and the equally clear molybdic acid solution below,
.Almost one hundred individual anion exchangers were used in the 
course of the work but as these were all of the monofunctional strong 
base type, with quaternary ammonium active groups, their conditioning
followed the same pattern in each case. .Anion exchange resin of this 
type, whether supplied by a manufacturer or prepared in the laboratory, is 
obtained in the chloride form due to the ohloromethylation step in its 
synthesis. Although there is reason to suppose that the resin is com- ' 
pletely in the chloride form immediately after manufacture, and this is 
the form in which it was mainly used in this work, there is nevertheless 
likely to be contamination from one or more of the following sources; 
the ohloromethylation catalyst, paraformaldehyde from the hydrolysis of
chlorodimethyl ether, short chain length and therefore soluble molecules
2— 2 “  — . .of the exchanger and SO^ , CO^ , HCO^ or other anions, if the resin has
been washed with tap v/ater. To remove these foreign materials the ex­
changer was conditioned before use. This was done by loading the resin 
into a large column and backwashing it with water so that the beads 
floated freely and released any insoluble foreign matter trapped between 
them. After the backwash effluent became sparkling clear the beads were 
settled and a considerable excess of 3 N hydrochloric acid passed downward 
through the bed over A - 8 hours. Washing was then carried out with com­
pletely de-ionised water from a ”mixed bed1 column (mixed OH and H* form \ 
resins) so that at no stage did the wash ?/ater come in contact with the air 
before reaching the column. When high contamination from the Frieda1 
Crafts catalyst was observed - excessive milkiness at the commencement of 
backwashing was an indication - the resin was given a preliminary wash
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3 N sodium hydroxide. This was followed by a quick rinse with water then 
dilute hydrochloric acid until chloride breakthrough, before the excess of 
3 N acid was put through. In this way boiling and consequent rupture 
of the beads at the OH , Cl exchange front was prevented. Where nitrate 
form resin was used the procedure for its conditioning was as above, sub­
stituting nitric for hydrochloric acid.
Unlike weak base resins of the older types modern polystyrene strongly 
basic resins can be dried in the salt form at temperatures up to about 100°C, 
so long as they are not kept at these temperatures indefinitely. The 
procedure adopted in this work was to spread the drained water washed resin 
over a large area and leave it overnight in an oven at 93°G. The following 
day, the oven temperature was raised to 110°C ior two hours before trans­
ferring the hot resin to airtight bottles. Completely dry resin is a 
strong dessioant, therefore during weighing operations the resin was 
exposed to atmospheric moisture for the minimum time. In some tests air 
dried resin was used, i.e. resin in equilibrium with atmospheric moisture, 
but, where possible, fully dried resin was preferred for the following 
reasons: There was less likelihood of contamination of the resin from
dust carbon dioxide, etc. during drying as this was carried out quickly in 
a closed oven; a weighed quantity of resin represented pure resin and 
not resin plus water, considered more desirable because the water regain 
and capacity of the resin were also referred to a dry weight; the type
-*43-
of resin used permitted drying and subsequent melting without disintegration 
of the beads.
Cation resins were used in the hydrogen form and were conditioned 
vd.th hydrochloric aoid in the same way as the anion exchangers. When a 
new batch of commercial resin was used and contamination, from iron in 
particular, was suspected, a pre-treatment with constant boiling concentra­
tion hydrochloric aoid was carried out. The cation exchangers are
particularly stable resins even in the hydrogen form so that it was •
possible to dry them in thinly spread layers at 110°C. .
In the equilibrium experiments it was found that bead size had 
little effect on the final state of equilibrium so long as the porosity 
of the resins was high enough to admit all the ionic species; therefore
resins of various sizes were used. Where possible, however, beads of the
16 to 40 mesh screening were employed for greater ease of manipulation*
Beads of this size can be decanted rapidly whereas micro beads cannot. 
Furthermore, the small beads, particularly of oation exchanger, have a 
high affinity for glass surfaces which makes them even more difficult to 
use.
2.2. ANALYSIS OF SOLUTIONS AND ION EXCHAMG-B RESINS
Apart from some early analyses of molybdenum gravimetrically as lead 
molybdate, the bulk of molybdenum analysis was carried out volumetrically. 
Afc first, reductions were performed with aluminium pov;der in the acid 
molybdenum containing solution under a carbcn dioxide atmosphere. Later 
it proved that for the large number of analyses to be carried out it was 
both quicker and more accurate to use an amalgamated zinc Jones Reduotor 
apparatus, running tworeduotors at the same time. An aliquot of the 
test solution in dilute sulphuric acid solution was passed through the 
zino, the flow rate being adjusted so that the solution in the lower two- 
thirds of the column ?/as always green. The reduction was self indicating 
as the initially colourless Mo(Vl) solution changed to a brick red Mo(v) 
band at the top of the column, then to deep green Mo(ill) below this. 
Because Mo(ill) solutions are very prone to atmospheric oxidation (hence 
the COg atmosphere mentioned above), the reduced solution v/as run into 
ammonium ferric sulphate in the reoeiver where an equivalent amount of 
Fe(lll) was reduced to Fe(ll) by the oxidation of Mo(ill) to Mo(v),
After washing the oolumn with dilute sulphuric acid followed by water, 
phosphoric aoid was added to mask the ferric colour and the Fe(ll) and 
Mo(v) titrated with standard potassium permanganate. In the later work 
it was found still quicker to pipette the molybdenum aliquots into dilute 
sulphuric acid adding a few grammes of amalgamated zinc pellets to each
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flask. In this way a substantial reduction of Mo(vi) to Mo(v) was 
attained before passing the solution down the zinc column. This permitted 
a faster flow rate through the inductors and therefore an overall increase 
in analytical efficiency. When oxidising agents such as nitric acid were 
present in the test solutions or if there was a high enough concentration 
of hydrochloric acid to interfere with the permanganate end-point, the 
test aliquots were given a preliminary heating to the point of fuming with 
sulphuric aoid before dilution and reduction. The heteropoly aoid solu­
tions were anadySQd in the same manner as the isopoly acid
tests, the released phosphorio acid having no effect on the analytical 
procedure.
Chloride was estimated volumetrically or gravimetrically. The usual 
gravimetric procedure with silver nitrate in dilute nitric acid solution 
was found to be unreliable at high molybdenum concentration. This was 
due to co-precipitation of molybdic oxide with the silver chloride.
Apart from an obviously undesirable inorease in weight the particle 
size of the precipitate became so fine that it was almost impossible to 
filter and wash it. Generally, therefore, volumetric analysis by Volhardfs 
method was adopted.
Nitrate estimations were carried out by a modified Kjeldahl technique 
using a bank of six glass-jointed Kjeldahl distillation units. .Ammonia 
freed aliquots of the test solution was digested in the distillation flasks
with concentrated sodium hydroxide where nitrate was reduced to ammonia 
by finely powdered Devarda’s Alloy* The ammonia so formed was boiled 
off via condensers into standard acid and the excess of this titrated with, 
standard alkali to give the nitrate figure by difference calculation.
All pH measurements were made on a Cambridge universal pH meter at
Xroom temperature, usually 20° - 3°C, using a standard glass electrode in 
conjunction with a calomel-saturated KC1 half cell. The system was 
standardised against pH A and pH 9*27 buffer solutions,
He sin analysis in this work was confined to two main tests; measure­
ment of water regain and dry weight capacity. Ytfater regain, the weight of 
water absorbed by one gramme of dry resin in a specified ionic form, was 
determined in the following manner, which is a modification of methods due 
to Pepper, Reichenberg and Hale"^ and Gregor, Held and Bellin'^. A small 
sample of the resin was first converted completely to the ionic form ■ 
desired and thoroughly washed with de-ionised water out of contact with the 
air. In the case of a conditioned dry resin a small quantity of the resin 
was completely swollen in water; overnight if possible. Between one and 
two grammes of this was transferred to a small glass tube (3 era x 1 cm diam, 
closed at the lower end with a fine sintered glass disc. A small volume 
of dilute non-ionic wetting agent (Cirassol in this case) was run through 
the resin to facilitate drainage and after fitting these filters in 
centrifuge.tubes with rubber caps to prevent evaporation, the interstitial
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w a t e r  w a s ’ rem o v e d  b y  o e n t r i f u g a t i o n  f o r  one h o u r  a t  2,000 r . p . m .  The 
d r a i n e d  r e s i n s  a n d  s i n t e r  t u b e s  w e re  w e ig h e d  im m e d ia te ly ,  a f t e r  w h ic h  t h e y  
w e re  t r a n s f e r r e d  t o  a n  o v e n  a t  95°C  a n d  d r i e d  t o  c o n s t a n t  w e i g h t .  W ith  
a n io n  r e s i n s  t r u e  c o n s t a n t  w e i g h t  w as d i f f i c u l t  t o  a t t a i n  a s  t h e r e  w as a  
s l i g h t  b u t  c o n t i n u e d  l o s s  i n  w e ig h t  d u e  t o  d e c o m p o s i t io n  o f  t h e  q u a t e r n a r y  
ammonium g r o u p  a n d  c o n s e q u e n t  l o s s  o f  t r i m e t h y l a m i n e .  R e a s o n a b le  a c c u r a c y  
w as o b t a i n e d  b y  d r y i n g  th e ' r e s i n  o v e r n i g h t .  K now ing t h e  w e ig h t  o f  th e  d ry  
s i n t e r  tu b e  t h e  w a t e r  r e g a i n  w as c a l c u l a t e d  a s  f o l l o w s  ;
W .R. »  W e ig h t o f  a b s o r b e d  w a t e r  i n  w e t r e s i n  
W e ig h t o f  d r y  r e s i n
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w h e re  a  a  w e ig h t  o f  d ry  s i n t e r  t u b e ,  b  = w e ig h t  o f  s i n t e r  + w e t  c e n t r i f u g e d  
r e s i n  a n d  c = w e ig h t  o f  s i n t e r  + d r y  r e s i n .  The c o r r e c t i o n  f a c t o r  o f  
0*03 on  t h e  w e t r e s i n  w e ig h t  a c c o u n t s  f o r  t h e  r e m a in in g  i n t e r s t i t i a l  w a t e r  
a n d  w as a r r i v e d  a t  b y  P e p p e r ,  R e ic h e n b e r g  a n d  H a l e ^  i n  b l a n k  r u n s  on  
s u r f a c e  s u lp h o n a t e d  p o l y s t y r e n e  b e a d s .  F o r  t h e  m o s t a c c u r a t e  w a t e r  r e g a i n s  
t h e  w e t  s i n t e r e d  g l a s s  tu b e  w as  c e n t r i f u g e d  e m p ty  a n d  t h e  w e t w e ig h t  o f  t h e  
tu b e  u s e d  i n  th e  n u m e r a to r  o f  t h e  e q u a t i o n  a b o v e .
R e s in  c a p a c i t y  r e f e r s  t o  t h e  num ber o f  a c t i v e  s i t e s  p e r  u n i t  w e ig h t  
o f  r e s i n  a n d  i s  u s u a l l y  e x p r e s s e d  a s  m i l l i - e q u i v a l e n t s  p e r  gramme o f  d r y  
r e s i n ,  t h e  i o n i c  fo rm  b e i n g  s t a t e d .  I t  c a n  b e  m e a s u re d  i n  s e v e r a l  
d i f f e r e n t  w a y s . F o r  a n i o n e  x c h a n g e r s  i t  i s  u s u a l  t o  c a r r y  o u t  t h e
d e t e r m i n a t i o n  o n  c h l o r i d e  fo rm  r e s i n ,  so  t h a t  t h e  p r e l i m i n a r y  s t e p  i n  t h e  
e s t i m a t i o n  i s  t o  e n s u r e  t h a t  th e  e x c h a n g e r  i s  c o m p le te ly  c o n v e r t e d  t o  t h e  
c h l o r i d e  fo rm . As t h i s  t r e a t m e n t  i s  common t o  b o th  c a p a c i t y  an d  w a t e r  
r e g a i n  m e a s u re m e n ts ,  i t  w as p o s s i b l e  w h e re  b o t h  t e s t s  w e re  b e i n g  c a r r i e d  
o u t  t o  u s e  t h e  q u a n t i t y  o f  d r y  r e s i n  r e m a in in g  i n  t h e  s i n t e r  tu b e  f ro m  
t h e  w a te r  r e g a i n  t e s t s  f o r  c a p a c i t y  e s t i m a t i o n .  T h is  w as t r a n s f e r r e d  t o  
a  f l a s k  a n d  t h e  s i n t e r  t u b e  r e ? /e ig h e d  t o  g iv e  t h e  w e i g h t  o f  d ry  r e s i n  b y  
d i f f e r e n c e .  The r e s i n  w as t h e n  s w o l le n  i n  d e - i o n i s e d  w a te r  a n d  a f t e r  
a d d in g  a b o u t  1  g ,  o f  so d iu m  n i t r a t e  a l lo ? /e d  t o  s o a k  i n  t h i s  s o l u t i o n  f o r  
a b o u t  f i v e  m i n u te s .  C h lo r i d e  r e l e a s e d  b y  e x c h a n g e  w i th  n i t r a t e  w as 
e s t i m a t e d  b y  d i r e c t  t i t r a t i o n  u s i n g  s t a n d a r d  s i l v e r  n i t r a t e  w i t h  p o ta s s iu m  
c h ro m a te  a s  i n d i c a t o r .  P r e c i p i t a t i o n  o f  t h e  c h l o r i d e  e n s u r e s  t h a t  t h e  
e x c h a n g e  r e a c t i o n  i s  t a k e n  t o  c o m p le t io n .  A m ore  r e f i n e d  te c h n iq u e  u s e d  
f o r  g r e a t e r  a c c u r a c y  w as b a s e d  on  a  l a r g e r  w e ig h t  o f  d r y  r e s i n .  A b o u t 
t e n  gram m es o f  r e s i n  w as s w o l le n  i n  d e - i o n i s e d  w a t e r  an d  t r a n s f e r r e d  t o  a  
g l a s s  co lu m n  o f  s u i t a b l e  s i z e ,  c l o s e d  a t  th e  lo w e r  e n d  w i t h  a  g l a s s  f i l t e r .  
C h lo r i d e  w as s t r i p p e d  f ro m  t h e  r e s i n  b y  s lo w  dow nw ard  f lo w  o f  a n  e x c e s s  
o f  2N .N aK o^, t h e  e l u a t e  b e i n g  r u n . d i r e o t l y  i n t o  a  v o lu m e t r i c  f l a s k  o f  
s u i t a b l e  c a p a o i t y .  W hen t h i s  f l a s k  w as f i l l e d ,  a  f u r t h e r  v o lu m e  w as 
c o l l e c t e d  a n d  t e s t e d  f o r  c h l o r i d e  t o  v e r i f y  t h e  c o m p le te  re m o v a l o f  
c h l o r i d e  f ro m  t h e  r e s i n .  I f  t h e  t e s t  was n e g a t i v e ,  c h l o r i d e  i n  t h e  
b u l k  o f  t h e  e l u a t e  w as d e t e r m in e d  b y  a n y  o f  t h e  s t a n d a r d  m e th o d s ,  u s u a l l y
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by V o lh a r d ’ s  a s  t h i s  w as t h e  p r o c e d u r e  u s e d  i n  t h e  m a in  e x p e r i m e n t a l  
w o rk . W here s u c h  a c c u r a c y  w as n e c e s s a r y ,  p o r t i o n s  o f  r e s i n  f o r  c a p a c i t y  
t e s t i n g  w ere  w e ig h e d  o u t  a t  t h e  b e g in n in g  a n d  e n d  o f  o t h e r  r e s i n  w e ig h ­
i n g s  t o  a c c o u n t  f o r  p o s s i b l e  h y d r a t i o n  o f  t h e  s t o r e d  e x c h a n g e r .
C a p a c i t i e s  o f  c a t i o n  r e s i n s  w e re  d e te r m in e d  o n  th e  h y d ro g e n  fo rm  
a f t e r  p r e l i m i n a r y  c o n d i t i o n i n g  a s  d e s c r i b e d  ab o v e  ( 2 . 1 . ) .  The s t r i p p i n g  
w as a g a i n  a c c o m p l i s h e d  w i th  so d iu m  n i t r a t e  s o l u t i o n  a n d  th e  r e l e a s e d  
h y d ro g e n  i o n  e s t i m a t e d  b y  s t a n d a r d  a l k a l i  t i t r a t i o n .
The R v a l u e  o f  a  o o m p le x  o x y  a n io n  a s  d e f i n e d  b y  E v e r e s t  a n d  Salm on  
g i v e s  t h e  n u m b er o f  m e ta l  a to m s  i n  t h e  i o n  p e r  u n i t  i o n i c  c h a r g e .  B e c a u se  
i t  i s  a  r a t i o  t h e  R v a l u e  i t s e l f  c a n n o t  y i e l d  a n  e m p i r i c a l  f o r m u l a  f o r  
a n  i o n  u n l e s s  t h e  i o n i c  c h a r g e  o r  th e  num ber o f  m e ta l  a to m s  i n  t h e  i o n  i s  
a l s o  knovm , n o r  c a n  i t  d i s t i n g u i s h  b e tw e e n  o n e  i o n  a n d  a  p o ly m e r  o f  t h a t  
i o n .  H ow ever, p o l y n u c l e a r  o x y  i o n s  a r e  u s u a l l y  b u i l t  up b y  a  c o n d e n s a t io n  
r e a c t i o n  w i t h  t h e  e l i m i n a t i o n  o f  w a te r  a n d  t h e r e  i s  a  c o r r e s p o n d i n g  c h a n g e  
i n  R v a lu e  a s  p r o t o n s . a r e  c o n su m e d , w h ic h  m akes i t  p o s s i b l e  t o  f o l l o w  t h e  
c o u r s e  o f  t h e  r e a c t i o n ,  e . g . ;
2 C rO ,2“  + 2H+ ¡5= ^  C r20 72“  + HgO
R 0 .5  c h a n g e s  t o  R =  1 , 0  
F u r th e r m o r e  p r o t o n a t i o n  o f  t h e s e  i o n s  i s  a l s o  r e f l e c t e d  i n  t h e  R v a l u e .
T h u s HCrO^ an d  HCr^O-J" Y /ould h a v e  R v a l u e s  o f  1 ,0  a n d  2 . 0  r e s p e c t i v e l y .
R v a l u e  o r  i t s  r e c i p r o c a l  ( i o n i c  c h a r g e  p e r  m e ta l  a to m ) h a s  b e e n  
d e t e r m in e d  i n  m any d i f f e r e n t  w ay s ( 1 , 1 . ) ,  b y  pH t i t r a t i o n ,  c o n d u c  t im e  t r i e  
m e a s u re m e n ts ,  l i g h t  s c a t t e r i n g ,  s p e o t r o p h o t o r a e t r y ,  e t c ,  w i t h  v a r y in g  
d e g r e e  o f  s u c c e s s  d e p e n d in g  u p o n  th e  r e l i a b i l i t y  o f  t h e  p a r t i c u l a r  
m e th o d  u n d e r  c o n s i d e r a b l e  v a r i a t i o n  i n  i o n i c  c o n d i t i o n s .  I o n  e x c h a n g e ,  
a s  s t a t e d  a b o v e ,  o f f e r e d  a n  e x c e l l e n t  t e c h n i q u e  o f  g r e a t  f l e x i b i l i t y  f o r  
t h e  d e t e r m i n a t i o n  o f  R, a s  y e t  u n t r i e d  on  t h e  m o ly b d a te  s y s te m .
When a  c o m p le x  oxy  a n i o n  i s  re m o v e d  f ro m  s o l u t i o n  b y  a  s t r o n g
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b a s e  a n io n  e x c h a n g e r  i n ,  f o r  e x a m p le , t h e  c h l o r i d e  fo rm , t h e r e  i s  an  
e q u i v a l e n t  r e l e a s e  o f  c h l o r i d e  i n t o  s o l u t i o n *  By a n a l y s i s  o f  t h e  m e ta l  
i n  s o l u t i o n  b e f o r e  a n d  a f t e r  e q u i l i b r i u m  t h e  t o t a l  am o u n t o f  m e ta l  s o r b e d  
i n  a n i o n i c  fo rm  c a n  b e  o b ta in e d *  The R v a l u e  o f  t h i s  i o n  c a n  t h e n  b e  
e x p r e s s e d  a s  t h e  g .a to m s  o f  m e ta l  s o r b e d  d i v i d e d  b y  t h e  e q u i v a l e n t s  o f  
c h l o r i d e  r e l e a s e d .
^  _  S* a to m s  o f  Mo i n  s o l u t i o n  i n i t i a l l y  -  g .  a to m s o f  Mo i n
s o l u t i o n  f i n a l l y  
e q u i v a l e n t s  o f  C l i n  s o l u t i o n  f i n a l l y
A n a ly s i s  o f  t h e  r e s i n  p h a s e  a f t e r  s e p a r a t i o n  a n d  s t r i p p i n g  w i l l  a l s o  g iv e
t h i s  v a l u e  :
g .a to m s  o f  Mo s o r b e d  b y  t h e  r e s i n  
R » o q . o f  r o s i n  c a p a c i t y  -  eq* o f  C l o n  r e s i n  f i n a l l y
58 59  60 6lI n  th e  w o rk  o n  g e r m a n a te s  9 , b o r a t e s  , a r s e n a t e s  , t e l l u -
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r a t e s  ,a n d  i n .  t h e  b u l k  o f  t h i s  w o rk  on  m o ly b d a te s ,  R w as d e t e r m in e d  
u s i n g  t h i s  b a t c h  e q u i l i b r i u m  t e c h n i q u e ,  i n  w h ic h  a  w e ig h t  o f  r e s i n  i n  t h e  
a p p r o p r i a t e  i o n i c  f o rm , u s u a l l y  c h l o r i d e ,  w as a l lo w e d  t o  com e to  e q u i l i ­
b r iu m  w i t h  a  m e a s u re d  v o lu m e  o f  s o l u t i o n  o f  know n c o n c e n t r a t i o n .
I t  w as show n i n  t h e  w o rk  d e s c r i b e d  b e lo w  t h a t  f o r  a  s y s te m  c o n ­
t a i n i n g  h y d ro g e n  a n d  m o ly b d a te  i o n s  o n ly ,  t h e  p o s s i b l e  i n f l u e n c e  o f  a  
t h i r d  i o n  on  t h e  s y s te m , e . g .  c h l o r i d e  fx°om th e  r e s i n ,  c o u ld  b e  
e l i m i n a t e d  u s i n g  a  c o lu m n a r  e q u i l i b r i u m  t e c h n i q u e .  I n  t h i s  m e th o d  
t h e  w e ig h e d  q u a n t i t y  o f  r e s i n ,  a f t e r  s w e l l i n g  i n  w a te r ,  w as t r a n s f e r r e d
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t o  a  s m a l l  g l a s s  co lu m n  a n d  a n  e x c e s s  o f  t h e  m o ly b d a te  s o l u t i o n  r u n  th r o u g h  
i t  v e r y  s lo w ly  so t h a t  c h l o r i d e  a s  r e l e a s e d  w as re m o v e d  f ro m  th e  s y s te m .  
T h is  t e c h n iq u e  h a d  t h e  a d d e d  a d v a n ta g e  t h a t  t h e  m olybdenum  c o n c e n t r a t i o n  
o f  t h e  s o l u t i o n  a t  e q u i l i b r i u m  w i t h  t h e  r e s i n  c o u l d  b e  r e a d i l y  c o n t r o l l e d ,  
b e i n g  t h a t  o f  t h e  in c o m in g  s o l u t i o n .  U s in g  s u c h  a  c o lu m n a r  m e th o d  
c h l o r i d e  i o n s  w e re  c o m p le te ly  rem o v e d  f ro m  t h e  r e s i n  a c c o r d in g  t o  t h e  
m ass  a c t i o n  r e l a t i o n s h i p  g iv e n  a b o v e  ( 1 *5» ) &nd a f t e r  s t r i p p i n g  t h e  r e s i n  
w i t h  a  s u i t a b l e  e l u e n t ,  a n a l y s i s  o f  t h e  l a t t e r  g a v e  JR. a s  f o l l o w s  u s i n g  
t h e  know n r e s i n  c a p a c i t y  ;
£  __ g ,  a to m s o f  Mo s o r b e d  b y  t h e  r e s i n
e q u i v a l e n t s  o f  r e s i n  c a p a c i t y
A t ta in m e n t  o f  e q u i l i b r i u m  i n  th e  co lu m n  w ork  w as i n d i c a t e d  b y  t h e  c o m p le te
a b s e n c e  o f  c h l o r i d e  i n  t h e  co lu m n  e f f l u e n t  a t  th e  c o n c l u s i o n  o f  m o ly b d a te
s o r p t i o n .
B a tc h  e q u i l i b r i u m  t e s t s  w e re  p e r fo rm e d  b y  p i p e t t i n g  a  c a l c u l a t e d  
v o lu m e  o f  m o ly b d a te  s o l u t i o n  i n t o  d ry  f l a s k s ,  t h e n  a d d in g  a  w e ig h e d
q u a n t i t y  o f  d r y  r e s i n  to  t h e s e .  The f l a s k  w as s t o p p e r e d  a n d  k e p t  i n
d a r k n e s s  u n t i l  e q u i l i b r i u m  h a d  b e e n  r e a c h e d .  I t  w as n e c e s s a r y  t o  e x c lu d e  
l i g h t  a s  t h i s ,  e s p e c i a l l y  s t r o n g  s u n l i g h t ,  b r o u g h t  a b o u t  a  r a p i d  r e d u c t i o n  
o f  Mo on th e  r e s i n  s u r f a c e  t o  g i v e  a n  i n t e n s e  m olybdenum  b l u e  c o l o u r .  
A lth o u g h  th e  e f f e c t  w as v i s u a l l y  o b v io u s ,  i t  w as c o n f i n e d  t o  t h e  o u te r m o s t  
l a y e r  o f  t h e  r e s i n  b e a d s ,  so  t h a t  t h e  b u lk  o f  s o r b e d  Mo w as u n a f f e c t e d .
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T h is  phenom enon  w as  p a r t i c u l a r l y  n o t i c e a b l e  i n  t h e  h ig h  a c i d i t y  t e s t s .
A f t e r  e q u i l i b r i u m  h a d  b e e n  e s t a b l i s h e d  a l i q u o t s  o f  t h e  a q u e o u s  p h a s e  
w e re  rem o v ed  f o r  pH, m olybdenum  a n d  c h l o r i d e  d e t e r m i n a t i o n .  W ith  t h e  
l a b o r a t o r y  p r e p a r e d  r e s i n s  u s e d  t h e r e  w e re  no r e s i n  f r a g m e n ts  i n  s u s p e n s io n  
a n d  i t  w as n o t  f o u n d  n e c e s s a r y  t o  f i l t e r  o f f  t h e  r e s i n  p r i o r  t o  re m o v in g  
a l i q u o t s  f o r  a n a l y s i s .
C olum n e x p e r im e n t s  w e re  r u n  i n  s m a l l  p y r e x  g l a s s  tu b e s  f i t t e d  a t  
t h e  lo w e r  e n d  w i th  a  N o .2 p o r o s i t y  g l a s s  f i l t e r .  The m o ly b d a te  s o l u t i o n s  
w e re  r u n  th r o u g h  t h e  r e s i n s  c o n t a i n e d  i n  t h e s e  a t  a n  e x t r m e ly  s lo w  f lo w  
r a t e  ( 0.023 m l /m i n . )  a n d  th e  e f f l u e n t  c o l l e c t e d  u n t i l  a  l a r g e
vo lu m e g a v e  a  c o m p le t e ly  n e g a t i v e  c h l o r i d e  t e s t .  To p r e v e n t  p h o to ­
r e d u c t i o n  o f  m o lybdenum , t h e  c o lu m n s  w e re  c l o s e l y  w ra p p e d  i n  b l a c k  
p h o to g r a p h i c  m a sk in g  p a p e r .  A f t e r  e q u i l i b r i u m  h a d  b e e n  e s t a b l i s h e d  
e x c e s s  m olybdenum  s o l u t i o n  w as re m o v e d  fro m  th e  co lu m n  a t  t h e  pump a n d  
th e  r e s i n  w a sh e d  r a p i d l y  w i t h  a  s m a l l  v o lu m e o f  w a t e r .  S o rb e d  m olybdenum  
w as t h e n  e l u t e d  b y  t h e  p a s s a g e  o f  3M NaNO^, 1M NaOH s o l u t i o n  th r o u g h  t h e  
c o lu m n . The e f f l u e n t  w as o o l l e o t e d  d i r e c t l y  i n  a  g r a d u a t e d  f l a s k  o f  
s u f f i c i e n t  c a p a c i t y  t o  e n s u r e  t h e  c o m p le te  re m o v a l o f  m o lybdenum , A f t e r  
d i l u t i o n  to  vo lum e w i t h  e x c e s s  b a r r e n  e l u e n t  f ro m  t h e  s t r i p p e d  c o lu m n , 
a n  a l i q u o t  o f  t h e  s o l u t i o n  w as a n a l y s e d  f o r  m olybdenum , w h ic h  g av e  
d i r e c t l y  t h e  m olybdenum  s o r b e d  b y  th e  r e s i n ,  t h e  w e ig h t  an d  t h e r e f o r e  
c a p a c i t y  o f  w h ic h  w as kn o w n .
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I n  some o f  t h e  e a r l i e r  b a t c h  t e s t s  t h e  r e s i n  was t r a n s f e r r e d  
t o  a  co lum n  a ftex *  t im e  h a d  b e e n  a l lo w e d  f o r  e q u i l i b r i u m  t o  b e  e s t a b l i s h ­
e d  a n d  w a s h e d . The s p e c i e s  s c r b e d  w e re  t h e n  d i s p l a c e d  a s  d e s o r i b e d  
a b o v e ,  to  c h e c k  t h e  a o o u r a c y  o f  R v a l u e s  o b t a i n e d  b y  d i f f e r e n c e  a n a l y s i s .  
T h is  w as l a t e r  d i s c o n t i n u e d  a s  i t  w as fo u n d  t h a t  e x c e p t  i n  c a s e s  w h e re  i t  
w as n e c e s s a r y  t o  h a v e  a  l a r g e  e x c e s s  o f  c h l o r i d e ,  a d d e d  a s  HC1 t o  g iv e  
v e r y  lo w  pH, t h e  R v a l u e s  w e re  c o m p le te ly  r e p r o d u c i b l e .  I n  a l l  c a s e s  
o t h e r  t h a n  t h e s e  t e s t s ,  i n  w h ic h  a  h ig h  c h l o r i d e  c o n c e n t r a t i o n  w as 
p r e s e n t ,  i t  w as  p o s s i b l e ,  b y  a d j u s t m e n t  o f  s o l u t i o n  c o n c e n t r a t i o n ,  
s o l u t i o n  vo lum e o r  r e s i n  w e ig h t ,  t o  b r i n g  a b o u t  a d e q u a te  m olybdenum  
s o r p t i o n  a n d  c h l o r i d e  r e l e a s e  t o  g iv e  a c c u r a t e  r e s u l t s  b y  d i f f e r e n c e .
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2 . 4 .  LABORATORY PREPARATION OF ION EXCHANGE RESINS
As a  r e s u l t  o f  t h e  p r e l i m i n a r y  e x p e r i m e n t a l  w o rk  (3 * 1 .)>  s t e r i o  
o b s t r u c t i o n  o f  l a r g e  m o ly b d a te  i o n s  b y  t h e  r e s i n  w as s u s p e c t e d .  To make 
a  s y s t e m a t i c  s tu d y  o f  t h e  e f f e c t  o f  r e s i n  p o r o s i t y  on  t h e  e n t r y  o f  t h e s e  
i o n s ,  i t  w as n e c e s s a r y  t o  h a v e  a  l a r g e  n u m b er o f  r e s i n s  c o v e r i n g  a  maximum 
p o r o s i t y  r a n g e .  F u r th e r m o r e ,  f o r  u n i f o r m i t y  i t  p r o v e d  n e c e s s a r y  t o  u s e  
r e s i n s  o f  t h e  one  s t r u c t u r a l  ty p e  e x c l u s i v e l y ,  so  t h a t  b y  m e a su re m e n t o f  
w a t e r  r e g a i n  a n  a c c u r a t e  i n d i c a t i o n  o f  r e l a t i v e  p o r o s i t y  m ig h t b e  o b t a i n e d .  
S u ch  s p e c i f i c  r e s i n s  w e re  n o t  a v a i l a b l e  c o m m e r c ia l ly  so  i t  w as n e c e s s a r y  
t o  p r e p a r e  e x p e r i m e n t a l l y  a  s e r i e s  o f  r e s i n s  o f  h i g h  u n i f o r m i t y  c o v e r i n g  
a  maximum p o r o s i t y  r a n g e .
B e c a u se  t h e  d iv i n y l b e n z e n e  c r o s s - l i n k e d  p o l y s t y r e n e  r e s i n  s t r u c t u r e  
h a s  p r o v e d  th e  m o s t h o m o g en eo u s  a n d  i n e r t  s t r u c t u r e  t o  d a t e ,  b e i n g  made 
up  s o l e l y  o f  b e n z e n e  n u c l e i  w i th  m e th y le n e  b r i d g e s ,  i t  w as c h o s e n  a s  t h e  
i n s o l u b l e  m a t r i x  f o r  a l l  t h e  e x p e r i m e n t a l  r e s i n s .  As t h e  i o n i s a b l e  g ro u p ,  
t h e  q u a t e r n a r y  ammonium c o n f i g u r a t i o n  -  w as s e l e c t e d  f o r  i t s
s t r o n g l y  b a s i c  m o n o f u n c t io n a l  c h a r a c t e r .
M a n u fa c tu re  o f  t h e  r e s i n  w as  a  t h r e e  s t e p  p r o c e s s  ( F i g . l ) ;  s u s p e n s i o n  
o o - p o l y m e r i s a t i o n  o f  s t y r e n e  m onom er a n d  d i v i n y lb e n z e n e  to  g i v e  h y d r o ­
c a r b o n  b e a d s ,  c h l o r o m e t h y l a t i o n  o f  t h e s e  w i t h  o h lo r o d i m e t h y l  e t h e r ,  
f o l l o w e d  b y  a m in a t i o n  o f  t h e  c h lo r o m e th y l  g ro u p  w i t h  t r i m e t h y l a m i n e .
The m e th o d  f o l l o w e d  w as a  m o d i f i c a t i o n  o f  t h a t  d u e  t o  P e p p e r ,  P a i s l e y
a n d  Y o u n g ^  a n d  e a r l i e r  w o r k e r s ^ *  ^
S ty r e n e  w as a v a i l a b l e  a s  th e  c o m m e rc ia l  m onom er c o n t a i n i n g  i n h i b i t o r  
a n d  d iv i n y lb e n z e n e  a s  a n  a p p r o x im a te ly  50 fo  s o l u t i o n .  The c a l c u l a t e d  
v o lu m e s  o f  t h e s e  m a t e r i a l s  w e re  m ix e d  a n d  th e  i n h i b i t o r  rem o v e d  b y  w a s h in g  
w i t h  2N so d iu m  h y d r o x id e  f o l l o w e d  b y  w a te r ,  a f t e r  w h ic h  1%  o f  b e n z o y l  
p e r o x id e  w as a d d e d  a s  t h e  p o l y m e r i s a t i o n  i n i t i a t o r .  T h is  s o l u t i o n  w as  
t h e n  p o u r e d  on  t o  a p p r o x im a te ly  f o u r  t im e s  i t s  v o lu m e  o f  w a t e r  c o n t a i n i n g  
0, 5$  o f  a  c o m m e rc ia l  e m u ls io n  s t a b i l i z e r .
T he r e a c t i o n  w as c a r r i e d  o u t  i n  a l l  g l a s s  a p p a r a t u s  c o n s i s t i n g  o f  
a  5 1 » o p e n - n e c k e d  f l a s k  f i t t e d  w i t h  v a r i a b l e  s p e e d  s t i r r e r ,  r e f l u x  c o n ­
d e n s e r  an d  th e rm o m e te r  p o c k e t .  When c h a r g e d ,  t h e  f l a s k  w as im m e rse d  i n  
a  c o n s t a n t  t e m p e r a t u r e  b o t h  a t  8 5 °C . As s t i r r i n g  s p e e d  d e t e r m in e d  t h e  
s i z e  o f  t h e  o r g a n i c  l i q u i d  d r o p s  a n d  h e n c e  t h e  f i n a l  a i z e  o f  t h e  h y d ro ­
c a r b o n  b e a d s ,  t h e  f i r s t  p o l y m e r i s a t i o n s  w e re  t r i a l  an d  e r r o r  e x p e r im e n t s  
t o  a r r i v e  a t  t h e  a p p r o p r i a t e  s p e e d  t o  g iv e  a  f i n i s h e d  r e s i n  s i z e  o f  Q 0%  
o r  m ore w i t h  a  -  20 + 50 m esh  s c r e e n i n g .
P r o g r e s s  o f  t h e  r e a c t i o n  w as f o l l o w e d  b y  r e m o v in g  s m a l l  s a m p le s  o f  
t h e  h o t  s u s p e n s i o n  a n d  e x a m in in g  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  o r g a n i c  
p h a s e .  I n i t i a l l y  t h e  b e a d s  w e re  l i q u i d  a n d  l i g h t e r  t h a n  w a te r  b u t  a s  
p o l y m e r i s a t i o n  p ro c e e d e d ,,  t h e s e  b e c a m e  p r o g r e s s i v e l y  v i s c o u s ,  t h e n  r u b b e r y ,  
r e t a i n i n g  t h e i r  s h a p e  a n d  f i n a l l y  b r i t t l e ,  a t  w h ic h  s t a g e  t h e i r  s p e c i f i c  
g r a v i t y  w as g r e a t e r  t h a n  1 ,  A f t e r  t h e  b r i t t l e  s t a g e  h a d  b e e n  r e a c h e d ,
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t h e  t im e  v a r i e d  d e p e n d in g  o n  t h e  p r o p o r t i o n  o f  c r o s s - l i n k i n g  a g e n t  a n d  
w as l o n g e r  f o r  r e a c t i o n  m i x t u r e s  o f  lo w e r  D0V0Bo c o n t e n t ,  c o m p le te  p o l y ­
m e r i s a t i o n  w as e n s u r e d  b y  a  f u r t h e r  tw o  h o u r s  h e a t i n g .  The b e a d s  w e re  
w e t s c r e e n e d  a n d  t h e  -20 + 50 m esh  c u t  d r i e d  i n  r e a d i n e s s  f o r  t h e  c h l o r o ­
m é t h y l a t i o n  s t e p .  A t t h i s  s t a g e  th e  b e a d s  w ere  c o m p le te ly  h y d ro p h o b ic *  
t r a n s p a r e n t  a n d  c o l o u r l e s s .
P o r o s i t y ,  a s  m e n tio n e d  e a r l i e r  ( 1 .3 * )  i s  d e t e r m in e d  b y  th e  d e g re e  o f  
c r o s s - l i n k a g e .  F o r  c a t i o n  e x c h a n g e r s  t h e  p r o p o r t i o n  o f  c r o s s - l i n k e r  
a d d e d  t o  th e  m onom er i s  t h e  s o l e  d e t e r m in a n t  o f  t h e  f i n a l  p o re  s i s e .  W ith  
a n io n  e x c h a n g e r s ,  h o w e v e r ,  w h e re  t h e  c o -p o ly m e r  i s  a o t i v a t e d  b y  a  h a l o -  
a l k y l a t i o n  s t e p ,  f u r t h e r  o r o s s - l i n k s  a r e  i n t r o d u c e d  b y  a  F r i e d e l  C r a f t s  
m e c h a n ism . The e x t e n t  o f  t h i s  f u r t h e r  o r o s s - l i n k i n g  i s  n o t  a c c u r a t e l y  
p r e d i c t a b l e ,  d e p e n d in g  a s  i t  d o e s  on  th e  r e a c t i o n  t im e 5 p e r c e n t a g e  o f  
c r o s s - l i n k e r ,  am o u n t o f  F r i e d e l  C r a f t s  c a t a l y s t ,  r e a c t i o n  t e m p e r a t u r e ,  
p u r i t y  o f  t h e  c h l o r o d i m e t h y l  e t h e r ,  e t c .  I n  t h i s  w o rk  t h e  D0V .B C c o n ­
c e n t r a t i o n s  u s e d  w e re  e s t i m a t e d  f ro m  t h e  p e r c e n t a g e  P .V .B . i n  c o m m e rc ia l
r e s i n s  o f  know n w a t e r  r e g a i n  a n d  f ro m  o t h e r  e x p e r i m e n t a l  d a t a  on  lo w  D .V .B .
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o o n t e n t  r e s i n s  • T h is  e s t i m a t i o n  w as s t i l l  l a r g e l y  a  m a t t e r  o f  t r i a l  
a n d  e r r o r  due t o  t h e  v a r i a t i o n  i n  r e a g e n t  q u a l i t y  a n d  t h e  d i f f i c u l t y  o f  
r e p r o d u c i n g  e x a c t l y  t h e  c o n d i t i o n s  o f  a n y  p a r t i c u l a r  c h l o r o m é t h y l a t i o n .  
T w elv e  b a t c h e s  o f  h y d r o c a r b o n  b e a d s  w e re  p r e p a r e d  i n  a l l ,  w i t h  D .V .B . 
c o n t e n t s  o f  0. 5 , 0. 75» 1 *0, 1 . 5» 1 *75» 2. 0, 2. 5 , 4  a n d  10$ ,  some o f  w h ic h
From  t h e s e  p o l y s t y r e n e  b e a d s  89 b a t c h e s  o f  r e s i n  w e re  m ade, b y  
ta lc in g  a d v a n ta g e  o f  t h e  a d d i t i o n a l  c r o s s - l i n k a g e  due t o  c h l o r o m é t h y l a t i o n  
a l r e a d y  m e n t io n e d .  F i g ,  2 ( T a b le  l )  show s t h e  e f f e c t  o f  c h l o r o m é th y l a ­
t i o n  t im e  on  w a t e r  r e g a i n  o f  t h e  c o m p le te d  r e s i n s  f o r  a  num ber o f  t h e  c o ­
p o ly m e rs*
C h lo r o m é th y l a t io n  w as c a r r i e d  o u t  i n  t h e  sam e g l a s s  a p p a r a t u s  u s e d  
f o r  c o - p o l y m e r i s a t i o n  w i t h  t h e  a d d i t i o n  t o  t h e  f l a s k  h e a d  s o c k e t s  o f  a  
g l a s s  t a p  f u n n e l  r e s e r v o i r  t o  h o l d  make up  c h l o r o d i m e t h y l  e t h e r  a n d  a  
g l a s s  s a m p l in g  d e v i c e  to  rem ove t h e  b a t c h e s  o f  r e s i n - e t h e r  s l u r r y  a t  
p r e d e t e r m i n e d  i n t e r v a l s .  C o m m e rc ia l c h l o r o d i m e t h y l  e t h e r  w as d r i e d  o v e r  
c a lc iu m  c h l o r i d e  a n d  f ro m  2 -  7 . 5 $  o f  s t a n n i c  c h l o r i d e  c a t a l y s t  a d d e d , 
t h e  am o u n t d e p e n d in g  on  t h e  D0VoB0 c o n t e n t  o f  t h e  c o -p o ly m e r  b e in g  
r e a c t e d .  S u f f i c i e n t  o f  t h i s  s o l u t i o n  w as a d d e d  t o  t h e  b e a d s  t o  com­
p l e t e l y  s w e l l  th e m  a n d  a  l a r g e  en o u g h  e x c e s s  t o  p e r m i t  f r e e  s t i r r i n g  o f  
t h e  s l u r r y .  A f t e r  a  p e r i o d  o f  s t a n d i n g  i n  t h e  c o l d  o f  f ro m  one to  
tw e lv e  h o u r s ,  l o n g e r  w i t h  t h e  h i g h e r  D.V.B«, c o n t e n t  r e s i n s ,  t h e  c o n t i n u ­
o u s ly  s t i r r e d  r e a c t a n t s  w e re  b r o u g h t  up  t o  th e  r e f l u x  te m p e r a t u r e  o f  
t h e  c h l o r o d i m e t h y l  e t h e r ,  i . e .  c a .  58°C  d e p e n d in g  o n  i t s  p u r i t y .
F r a c t i o n s  o f  t h e  s l u r r y  w e re  d raw n  o f f  a t  i n t e r v a l s  a n d  th e  r e s i n  s e p a r a ­
t e d  f ro m  e t h e r ,  t h e  l a t t e r  b e i n g  r e t u r n e d  t o  t h e  r e a c t i o n  m ix tu r e  v i a  
t h e  r e s e r v o i r ,  t o g e t h e r  w i t h  a n y  make u p  e t h e r  n e e d e d .  E x c e s s
were duplicated.
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c h l o r o d l m e t h y l  e t h e r  w as rem o v e d  f ro m  t h e  b e a d s  u n d e r  s u c t i o n ,  a n d  a f t e r  
re m o v a l o f  t h e  f i n a l  t r a c e s  w i t h  a  s o l v e n t ,  t h e s e  w e re  a m n a t e d  w i t h  a n  
e x c e s s  o f  a  ACf?o w/w s o l u t i o n  o f  t r i m e t h y la m i n e  i n  w a t e r ,  A n in a t io n  p r o ­
c e e d s  r a p i d l y  i n  t h e  c o l d  b u t  t o  e n s u r e  c o m p le te  r e a c t i o n  t h e  r e s i n s  
w e re  a l lo w e d  t o  s t a n d  u n d e r  am in e  o v e r n i g h t .  A f t e r  d e c a n t a t i o n  o f  
s u r p l u s  am in e  t h e  b e a d s  w e re  n e u t r a l i s e d  w i t h  5N h y d r o c h l o r i c  a c i d  b e f o r e  
f i n a l  f i l t r a t i o n  a n d  w a s h in g .  The c o m p le te d  r e s i n s  w e re  c o n d i t i o n e d  
t h o r o u g h l y  ( 2 * 1 , )  a n d  t h e i r  w a t e r  r e g a i n s  a n d  c a p a c i t i e s  m e a s u re d  a s  
d e s c r i b e d  e a r l i e r  ( 2 . 2 . ) *  A f t e r  c o n d i t i o n i n g  t h e  r e s i n s  w e re  s p r e a d  
o u t  a n d  d r i e d  o v e r n i g h t  a t  95°C  w i t h  a  f i n a l  tvro h o u r s  a t  1 1 0 °C , b e f o r e  
b e i n g  t r a n s f e r r e d  h o t  t o  a i r t i g h t  b o t t l e s  f o r  s t o r a g e .  The f i n i s h e d  
b e a d s  w e r e  h y d r o p h i l i c ,  t r a n s l u o e n t  a n d  v a r i e d  i n  c o l o u r  f ro m  p a l e  y e l lo w  
t o  r e d d i s h  b ro w n .
The p o r o s i t y  o f  t h e s e  r e s i n s  c o v e r e d  a  v e r y  w id e  r a n g e  o f  w a te r  r e g a i n  
e x t e n d in g  f ro m  0 * 1 8  t o  3 7 .0 ;  c o m m e rc ia l  a n i o n  e x c h a n g e r s  u s u a l l y  r a n g e  
f ro m  c a ,  0 ,7  t o  1 * 6 .  R e g a in s  b e lo w  A w e re  p a r t i c u l a r l y  c l o s e l y  c o v e r e d
a s  t h e s e  w e re  e x p e c te d  to  b e  t h e  m o s t u s e f u l  p o r e  s i z e s  f o r  i o n  s o r e e n i n g .
, ■ J
C u rv e s  show n i n  F ig * 2 a r e  m a in ly  t h e  t a i l s  o f  c u r v e s  w h ic h  s t a r t e d  a t  , j
■ ' i
t h e  o r i g i n  a n d  r e a c h e d  maximum w a t e r  r e g a i n  i n  m o s t  c a s e s ,  b e f o r e  t h e  j
* : I
f i r s t  s a m p le s  w e re  re m o v e d . I n  th e  c u r v e s  f o r  t h e  0 * 5 $  O .V .B* p o ly m e r ,  j
i, . j
t h e  i n i t i a l  u p w a rd  t r e n d  o f  th e  w a te r  r e g a i n s  i s  c l e a r l y  show n , G e n e r -
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a l l y ,  t h i s  peak: w as s h a r p e r  t h e  lo w e r  t h e  PoV.Bo c o n t e n t .  C a p a c i t i e s  o f
a l l  r e s i n s ,  e x c e p t  t h e  1 0 ^  DoV*B* b a t c h ,  r o s e  q u i c k l y  b e f o r e  l e v e l l i n g  o f f  
t o  a  f i n a l  v a l u e  b e tw e e n  4  a n d  5 ra e q /g . o f  C l fo rm  r e s i n *
One o f  t h e  m a in  r e a s o n s  f o r  p r e p a r i n g  t h e s e  e x p e r i m e n t a l  r e s i n s  
w as t o  o b t a i n  u n i f o r m i t y  o f  s t r u c t u r e ,  t h e r e f o r e  o n ly  th o s e  r e s i n s  w hose  
r e g a i n s  f e l l  on  n e g a t i v e  s l o p e s  i n  t h e  w a t e r  r e g a i n  -  c h l o r o m é t h y l a t i o n  
t im e  c u r v e s  w ere  s e l e c t e d  f o r  t h e  s u b s e q u e n t  e x p e r i m e n t a l  w ork* I t  w as 
a ssu m ed  t h a t  r e s i n s  re m o v e d  f ro m  th e  r e a c t i o n  b e f o r e  t h e  maximum r e g a i n  
h a d  b e e n  a t t a i n e d  w e re  o n ly  p a r t i a l l y  c h l o r o m e t h y l a t e d  a n d  t h i s  i n  a  
g r a d i e n t  f a s h i o n  w i t h  c o m p le te  r e a c t i o n  o n  t h e  s u r f a c e  o f  t h e  b e a d s  a n d  
l i t t l e  o r  no a c t i v a t i o n  a t  t h e  c e n t r e *  ! £4
A c o m p le te  l i s t  o f  t h e  r e s i n s  p r e p a r e d  a n d  t h e i r  c h a r a c t e r i s t i c s  
i s  g iv e n  i n  T a b le  1 ,
-60-
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TABLE 1 .
C o m p o s it io n  a n d  c h a r a c t e r i s t i c s  o f  t h e  l a b o r a t o r y  p r e p a r e d  a n io n  e x c h a n g e r s .
R e s in
M .K .C ./L 0 .7 5
2 h
3 ' n
4 h
5 1!
6 0 .5
7 M
8 It
9 It
10 1!
11 11
12 It
13 11
1 4 It
15 11
16 1!
17 0 . 5
18 it
19 «
20 »
21 »
22 h
23 ti
24 tt
25 «
26 ti
27 1 .0 '
28 It
.29 11
30 tl
31 It
32 2 .0
%  D iv in y lh  on  z e n e  
i n  C o -P o ly m e r
C h lo r o m é th y la ­
t i o n  
Time » * h o u r s
C a p a c i ty  
meq C l / g .
1 .0 0 - 1 .7 1
2 .3 3 3 .7 0 7.60
3 . 5 0 , 3 .7 3 6 .5 0
4 .6 7 3 .9 0 5.60
6 .0 0 3 .9 4 4* 90
0.67 *m -
0 .8 0 -
1 .0 0 « 5 . 1
1 .1 8 3 .4 0 2 4 .1
1 .3 8 3 .6 7 2 1 .2
1 .5 8 3 .7 5 1 8 .5
1 .7 8 3 . 8 4 1 7 .1
2 .0 3 3 .8 8 1 5 .0
2 .2 7 4 .1 0 1 2 .0
2 .7 8 4 .1 5 9 .2
3 .5 2 4 .2 4 7 . 4
0 .5 0 - 1 2 .7
0 .6 7 3 .3 5 2 2 .9
0 .7 5 •' 3 .4 5 2 0 .7
0 .8 3 3 .6 9 2 0 .3
0 .9 2 4 .  oo 1 9 .1
1 .0 0 3 .9 8 1 7 . 4
1 ,0 8 4 .0 0 1 5 .7
1 .2 5 4 .1 2 1 2 .9
1 .5 0 4 .0 7 9 .6
1 .9 2 4 .1 5 8 .1
1 .0 0 - 6 .3
1 .3 3 3 .3 8 6 .5
1 .8 3 3 .6 5 6 .2
3 .0 8 3 .7 5 5 . 4
4 .4 1 3 .8 8 4 . 4
1 .0 8 - 2 .1
W a te r  r e g a i n
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TABLE 1 .  ( o o n t d . )
R e s i n
1 fo  P i v i n y l b e n x e n e *  
i n  C o - P o l y m e r
C h l o r o m e  t h y l a -  
t i o n  
T i m e ,**54 h o u r s
C a p a c i t y  
m e q  C l / g .
W a t e r  r e g a i n
M o K o C o / 3 3 2 . 0 1 . 5 8 ■ — 2 , 1
3 4
11 2 . 0 8 - , -  '
3 5
h 2 . 5 8 3 . 6 4 2 . 0
- 3 6 it 3 . 0 8 - M»
3 7
» 3 . 5 8 3 . 6 9 1 . 9 2
" 3 8
it 4 . 0 8 - -
3 9
h
4 . 5 8 « -
'  ~ 4 0 - h 5 . 0 8 - 1 . 9 5
- 4 L
it 5 . 0 8  + 1 . 9 7
4 2 1 * 5 0.28 - 1 . 4
4 3
h
0 . 5 7 «H 2 . 5
4 4 » .  » I .03 3 . 6 9 3 . 3
. 4 5
« 1 . 5 3 3 . 8 6 2 . 8
46 h 2.03 - 2 ,  ¿i*
‘ 4 7
h
2 . 5 3 3 . 9 9 2.3
4 8 h 3 . 0 3 ' . . 1 . 9
4 9 : it 3 . 5 3 4 .13 1 . 5
5 0 0 . 3 2 . 7 5 4 . 3 8 2 2 . 5
51 • 0 . 5 0 . 8 3 3 . 9 0 3 7 . 0
5 2 3 . 2 5 1 , 0 0 2 . 1 9 1 . 0 2
5 3 1 . 5 0 3 . 2 0 1 . 5 2
5 4 1 . 7 5 3 . 4 1 1 . 7 2
5 5 2 . 0 0 3 . 7 6 1 . 7 7
r 5 6 h 2 . 2 5 3 . 9 3 1 . 7 6
5 7
h 2 . 5 0 4 . 1 0 1 . 7 2
5 8 h 2 . 7 5 4.24 1 . 6 9
5 9 * 2.5 1.6 7 4 . 5 0 2.03
60 11 ►. 2 . 0 8 4 . 5 4 1 . 9 6
6 1 2 . 4 2 4.60 1 . 8 7
62 II 2 . 8 4 4.65 1 . 7 3
63 1 3 . 4 2 4 . 7 4 1 . 5 2
64 II  -  1 3 . 9 2 4 . 8 2 1 . 4 L
65 I t  1 4 . 5 . 8 4 . 9 0  ! I .30
6 6 I I  { 4 . 5 8  + 5 . 0 3  i 1 , 1 1
6 7
1
4 . 0
!
0.83 3 . 3 3  ; »
j
>
1.2 7
i
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TABLE 1 ,  ( c o n t d . )
1
R e s in %  D iv in y lb e n z .e n e  
i n  C o -P o ly m e r
C h lo ro m é th y la ­
t i o n  
T im e ,*  h o u r s
C a p a c i ty  
meq C l / g .
W a te r  r e g a i n
Me K o  C . /6 8 4 . 0 1.08
i
3 .8 9 1 .3 8
69 tt 1 ,5 8 - mm
70 ti 2 .0 0 LLm LLLUf • r i 1 .2 0
71 ii 2 .3 0 4 .5 1 1 .1 4
72 ii 3 .1 7 4 .5 5 1 . 0 4
73 h 3 .8 3 4 .6 3 0 .9 6
7 4 it c a . 7 . 0 4 .8 1 0 .7 5
75 1 0 .0 1 .9 2 3 .0 3 0 .5 4
76 it 2 .5 0 3 .2 7 0 .5 5
77 n 3 .9 2 3 .8 9 0 .5 2
78 it 4 .9 2 2 ,8 2 0 .3 1
79 i t 4 .9 2  *h* 1.5 0 0 .1 8
80 1 .7 3 1 . 0 0 3 .9 9 3*65
81 1» 1 .3 3 4 .3 5 3 .4 3
82 It 1 .7 5 4 . 5 4 3 .1 2
83 n 2 .1 7 4.62 2 .8 4
8 4 n 2.60 4 .7 0 2 .5 5
85 it 3 .0 0 4 .8 1 2 .2 9
86 1! 3 .4 2 4 .9 5 2 . 0 4
87 ii 4 .1 7 5 .0 3 1 .9 0
88 it 4 .8 5 5 . 1 4 1.62
39 it 5 .3 5 5 .2 3 1 .3 9
* T h i s  t im e  c a n n o t  b e  u s e d  i n  a b s o l u t e  c o m p a r is o n s  o f  t h e  w a te r  r e g a i n s  
o b t a i n e d  a s  t h e s e  a l s o  d e p e n d e d  on  r a t e  o f  h e a t i n g ,  am oun t o f  c a t a l y s t  
a n d  d iv in y lb & n z e m e  c o n t e n t .  The f i g u r e  i s  m a in ly  u s e f u l  f o r  c o m p a r is o n s  
r e l a t i v e  t o  t h e  o n e  c h l o r o m é t h y l a t i o n .
P A R T  3
im vmrxstí*m am txm sxxt= *
RESULTS AMD DISCUSSION
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PREFACE TO PART 3o
I n  t h e  w o rk  d e s c r i b e d  b e lo w , t h e  f o l l o w i n g  d e f i n i t i o n s  a p p l y
u n l e s s  o th e r w i s e  s t a t e d
M olybdenum s R e f e r s  t o  t h e  e l e m e n t  i n  th e  h e x a v a l e n t  s t a t e .
R o r  R v a l u e ;  The m e ta l  (Mo) t o  i o n i c  c h a r g e  r a t i o  o f  a n  i o n .  Yi/here
m ore t h a n  one i o n  i s  c o n c e r n e d  t h e  o v e r a l l  (m ean ) r a t i o  i s  i m p l i e d .
R e s in ;  A s y n t h e t i c  m o n o f u n c t io n a l  s t r o n g l y  b a s i c  a n io n  e x c h a n g e  r e s i n  i n  
w h ic h  t h e  q u a t e r n a r y  tr im e th y la m m o n iu m  c o n f i g u r a t i o n  i s  t h e  
f u n c t i o n a l  g r o u p .
D .V .B .i  D iv in y lb e n z e n e ,
fo  r e s i n  s i t e s  o c c u p ie d ;  T h a t  p r o p o r t i o n  o f  t h e  t o t a l  r e s i n  c a p a c i t y  
o c c u p ie d  b y  m o ly b d a te  i o n s .
-6 6 -
3 . 1 .  PRELIMINARY ION EXCHAMrE EXPERIMENTS
T h ese  r e f e r  t o  t h e  e a r l y  w o rk  c a r r i e d  o u t  w i t h  c o m m e rc ia l
D e A c id i te  EE a n io n  e x c h a n g e  r e s i n  o f  som ew hat lo w e r  th a n  n o rm a l  c r o s s -
l i n k a g e  ( w a te r  r e g a i n  c a * 0 .7 ) *  I n  t h e  c o u r s e  o f  t h i s  w o rk  i t  becam e
a p p a r e n t  t h a t  l a r g e  m o ly b d a te  i o n s  fo rm e d  i n  t h e  lo w e r  pH r a n g e s  w e re
b e i n g  p r e v e n t e d  f ro m  e n t e r i n g  s u c h  r e s i n s  b y  v i r t u e  o f  t h e i r  s i z e  a n d
c o n s e q u e n t ly  r e s i n s  s e l e c t e d  f ro m  th e  e i g h t y - n i n e  l a b o r a t o r y  p r e p a r e d
r e s i n s  d e s c r i b e d  a b o v e  ( 2 . 4 . )  w e re  u s e d  i n  t h e  m a in  e x p e r i m e n t a l  w o rk
( 3 . 3 . ) .  T h e s e  e a r l y  e x p e r i m e n t s ,  a l th o u g h  c a r r i e d  o u t  w i t h  r e s i n s  o f
l i m i t e d  p o r o s i t y ,  n e v e r t h e l e s s  fo rm  a n  i m p o r t a n t  s u p p le m e n t  t o  t h e  t e s t s
c a r r i e d  o u t  l a t e r  w i th  t h e  m ore  s p e c i a l i s e d  e x c h a n g e r s .
D e te r m in a t io n s  o f  R v a l u e s  w e re  made b y  t h e  b a t c h  e q u i l i b r i u m
t e c h n iq u e  m e n t io n e d  a b o v e  ( 2 . 3 .  ) •  Ammonium p a r a m o ly b d a te  (N H ^^M o^O ^.A H gO
w as t h e  s o u r c e  o f  m olybdenum  a n d  t h i s  w hen d i s s o l v e d  i n  w a te r  g a v e  s o l u t i o n s
o f  pH v a l u e s  r a n g i n g  f ro m  6 .8  t o  5 . 3  f o r  t h e  c o n c e n t r a t i o n  r a n g e  0 .0 3  to
0 .1 5  M i n  m olybdenum . F u r t h e r  a d ju s tm e n t  o f  pH w as p r o v id e d  b y  t h e
a d d i t i o n  o f  ammonium h y d r o x id e  o r  h y d r o c h l o r i c  a c i d  a n d  a s  t h e  a n io n
e x c h a n g e r s  w e re  u s e d  i n  t h e  c h l o r i d e  fo rm , i o n s  i n  s o l u t i o n  w e r e  l i m i t e d  
+  + —
t o  H ,  N H ^ C 'l  a n d  t h e  v a r i o u s  i s o p o ly m o ly b d a t e s .
I n  t h e  f i r s t  e x p e r im e n t s  t h e  c h a n g e s  i n  R v a lu e  i l l u s t r a t e d  t h e  
g e n e r a l  p r i n c i p l e  t h a t  p r o g r e s s i v e  c o n d e n s a t io n  o r  d e c o n d e n s a t io n  t a k e s  
p l a c e  on  a d d in g  o r  re m o v in g  h y d r o g e n  i o n s  f ro m  m o ly b d a te  s o l u t i o n s .
Some o f  t h e  r e s u l t s  a r e  g iv e n  i n  T a b le  2 w h ic h  show s c l e a r l y  a  r i s e  i n  
R a b o v e  1 . 0  ( t h e  v a l u e  f o r  HMoO^ ) w i th  d e c r e a s i n g  pH a n d  th u s  t h e  
o c c u r r e n c e  o f  c o n d e n s a t i o n  i s  c o n f i r m e d .  The r e s u l t s  w ere  o b t a i n e d  f ro m  
s o l u t i o n s  v a r y i n g  i n  e q u i l i b r i u m  m olybdenum  c o n c e n t r a t i o n  fro m  0 .0 1 5  t o  
0 .0 5  M a n d  a f t e r  e q u i l i b r i u m  t i m e s  o f  16  t o  21 d a y s .
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TABLE 2
i PH 1 0 . 2  j 1 0 . 0 5 9 . 8 6 . 4  ] 5 . 5 5 1 . 5 1  1
I * 0 . 4 8 1 0 . 5 0 0 . 4 8 1 . 1 7  j 1 . 6 9 2 . 0 3  |i
As th e  e q u i l i b r i u m  t im e s  f o r  t h e s e  t e s t s  w e re  q u i t e  a r b i t r a r y  
i t  v/as c o n s i d e r e d  n e c e s s a r y ,  b e f o r e  i n v e s t i g a t i n g  th e  m a rk e d  i n c r e a s e  
i n  R m ore c l o s e l y ,  t o  e s t a b l i s h  w h e th e r  o r  n o t  c o n t a c t  t i m e s  o f  t h i s  
o r d e r  w e re  a d e q u a te  f o r  t h e  a t t a i n m e n t  o f  e q u i l i b r i u m .  To do t h i s  a  
s e r i e s  o f  s o l u t i o n s  s p r e a d  o u t  o v e r  th e  pH r a n g e  w e re  p r e p a r e d  a n d  
t e s t s  u s i n g  i d e n t i c a l  v o lu m e s  o f  t h e s e  w i th  t h e  sam e w e ig h t  o f  r e s i n  
w e re  e q u i l i b r a t e d  f o r  d i f f e r e n t  p e r i o d s .  T y p i c a l  r e s u l t s  f ro m  tw o 
su c h  t e s t s  a r e  g iv e n  i n  T a b le s  3 a n d  1+ , w h e re  t h e  p e r c e n ta g e  o f  r e s i n  
s i t e s  o c c u p ie d  w as  c a l c u l a t e d  b y  e x p r e s s in g  a s  a  p e r c e n t a g e  t h e  m .e q ,  
o f  c h l o r i d e  r e l e a s e d  b y  th e  r e s i n  d i v i d e d  b y  t h e  know n c a p a c i t y  o f  t h e  
r e s i n .
TABLE 3
C o n ta c t  t im e F i n a l  pH R
)
%  r e s i n  s i t e s  1 
o c c u p ie d
5 d a y s 6 ,0 1 ,5 1 85 j
11 9 .6 0 ,4 8 79
1 0  d a y s 6 ,0 1 .5 1 88
it 9 .6 0 .4 8 79
j 15  d a y s 6 t o 1 .5 1 88
i
9 .6 0 ,4 8
i w x c n  11 i» > ihi m iiiiw i
79
TABLE 4
C o n ta c t  t im e F i n a l  pH R $  r e s i n  s i t e s
15  d a y s 5 .4 5 1 .6 9 9 1 '
ii 5 . 5 4 1 . 7 4 100
ti 4 .1 8 1 .8 0 8 4
ti 2 ,8 5 1 .8 7 70
4 4  d a y s 5 .6 9 1 .7 6 96
it 5 .5 0 1 .8 3 100
it 56 1 .8 5 99
ii 2 .8 9
Sf~ -=asS®Wu
1 .9 9 83
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F o r  t e s t s  o f  pH 6 a n d  h i g h e r ,  c o n t a o t  t im e s  o f  5 d a y s  o r  m ore  
a p p e a r e d  a d e q u a te  b u t  i n  t h e  lo w  pH ra n g e  th e  t im e  r e q u i r e d  w as s o m e th in g  
i n  e x c e s s  o f  13 d a y s .  T h e r e f o r e  s u b s e q u e n t  t e s t s  w e re  a l lo w e d  t o  e q u i l i ­
b r a t e  f o r  1 4  d a y s  i f  t h e i r  pH w as 6 o r  h i g h e r ,  w h i l s t  s u b j e c t  t o  v e r t i f i c a t i o n  
t h e  t im e  a l lo w e d  f o r  lo w  pH t e s t s  w as 21 d a y s .
T h e se  e a r l y  r e s u l t s  i n d i c a t e d  t h a t  w i th  r e s p e c t  t o  t h e  c o n d e n s a t i o n  
p r o c e s s  a  s i g n i f i c a n t  s e c t i o n  o f  t n e  pH s c a l e  w as t h a t  c l o s e  t o  th e  n e u t r a l  
p o i n t .  A s e r i e s  o f  e x p e r im e n t s  w as t h e r e f o r e  p la n n e d  t o  f i n d  t h e  R v a lu e  
■" o f  s p e c i e s  e x i s t i n g  a b o v e  pH 7  w h e re  s im p le  m o ly b d a te  h a d  b e e n  p r e d i c t e d  
a n d  t o  d e f i n e  m ore c l o s e l y  t h e  s h a r p  r i s e  i n  R a p p a r e n t l y  o c c u r r i n g  j u s t  
b e lo w  pH 7* R e s u l t s  o f  t h i s  s e r i e s  a r e  show n i n  F i g . 3 a n d  l i s t e d  b e lo w  
i n  T a b le
TABLE 5
Mo o o n c .  a t  
e q u i l i b r i u m
%  r e s i n  s i t e s  
o c c u p ie d
P i n a l  pH R
0 .0 1 0  M 90 5 .9 7 1 .4 8
0,011 90 5 .9 6 1 .4 7
0 .0 1 3 88 6.06 1 . 4 4
0.017 89 6.24 1 .3 3
0 .0 2 7 91 6.40 1 .0 2
0 .0 3 6 83 6 .5 9 0 .8 2
0 .0 4 2 82 6,70 0 .6 7
0 .0 4 8 82 8.30 0 .5 0
0.047 82 8.78 0 .5 2
0 .0 4 7 82 9 .0 2 0 .5 1
0,047 82 9 .1 6 0 .5 1
....  - —p-
FIGURE 3.
Th e  onset of condensation below pH 7 
CRef. Table 5 )
2 0  -
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The r e s u l t s  w e re  i n  a g re e m e n t  w i th  t h o s e  q u o te d  i n  th e  l i t e r a t u r e  
i n  sh o w in g  a  v a l u e  o f  R = 0 ,5  ( ^ o 0 ^  R = •§■) a b o v e  pH 7  an d  b e lo w  t h i s  r a p i d  
c o n d e n s a t i o n  b e g i n n i n g  a t  pH 6 , 8  -  7 - 0 ,  C lo s e  i n v e s t i g a t i o n s  o v e r  a  w id e  
pH r a n g e  w e re  u n d e r t a k e n  a s  a  r e s u l t  o f  t h i s  t o  d e f i n e  a s  c l o s e l y  a s  p o s s i b l e  
t h e  r e l a t i o n s h i p  b e tw e e n  R a n d  e q u i l i b r i u m  pH , The m olybdenum  c o n c e n t r a ­
t i o n  w as v a r i e d  w i t h i n  t h e  r a n g e  0 .0 0 1  t o  0 ,2 8 5  M, t h e  e f f e c t  o f  t h i s  
v a r i a t i o n  b e i n g  so  s m a l l  t h a t  i t  w as p o s s i b l e  t o  a s s e m b le  t h e  r e s u l t s  o f  
m any t e s t s  on  t h e  o n e  g r a p h  -  F i g ,  4> T a b le  A1-,
E x i s t e n c e  o f  a  s p e c i e s  o f  R = 0 ,5  o v e r  th e  e n t i r e  a l k a l i n e  r e g i o n
e x a m in e d  w as w e l l  e s t a b l i s h e d  a n d  t h e r e  c o u l d  b e  no  d o u b t  t h a t  t h i s  sh o w ed ,
2—i n  a g re e m e n t  w i t h  a l l  p r e v i o u s  i n v e s t i g a t o r s ,  t h a t  s im p le  m o ly b d a te  M o0^ 
i s  t h e  o n ly  i o n  e x i s t i n g  u n d e r  s u c h  c o n d i t i o n s .  B elow  pH 7 t h e  w e l l  d e f i n e d  
r i s e  i n  R i n d i c a t e d  t h e  o n s e t  o f  c o n d e n s a t io n  w h ic h  p r o c e e d e d  w i t h  f u r t h e r  
i n c r e a s e  i n  R a s  pH d e o r e a s e d  u n t i l  a  m ore o r  l e s s  s t e a d y  v a lu e  o f  2 h a d  
b e e n  a t t a i n e d ,  f
On p l o t t i n g  fo  r e s i n  s i t e s  o c c u p ie d  a g a i n s t  pH o v e r  th e  r a n g e  s t u d i e d ,  
t h e  e x p e c te d  i n c r e a s e  i n  r e s i n  a f f i n i t y  f o r  t h e  c o n d e n s e d  a s  a g a i n s t  t h e  
s im p le  m o ly b d a te ,  due  t o  t h e  i n c r e a s e d  s i z e  o f  t h e  f o r m e r ,  w as w e l l  
show n r e a c h i n g  a  maximum b e tw e e n  pH 4 . 5  a n d  6 .  H ow ev er, t h e  a p p a r e n t  
f a l l i n g  o f f  i n  a f f i n i t y 'b e l o w  t h i s  pH w as i n  c o m p le te  c o n t r a d i c t i o n  t o  
t h e o r e t i c a l  c o n s i d e r a t i o n s  ( 1 . 3 . )  a n d  p r e v i o u s  i o n  e x c h a n g e  e x p e r i e n c e  
c o n c e r n in g  l a r g e  i o n s .  A n o th e r  o b s e r v a t i o n  t h a t  w as d i f f i c u l t  t o  a c c e p t
FIGURE 4.
C h a n c e  o f  R  v a l u e  w it h  e q u i l i b r i u m  p H .  
(ref. Table M.)
pH
w as t h a t  c o n d e n s a t io n  ( o r  p r o t o n a t i o n )  h a d  v i r t u a l l y  c e a s e d  a t  pH 3 
t o  V* M ost p r e v i o u s  w o r k e r s  h a d  r e p o r t e d  i t s  c o n t i n u a t i o n  a t  c o n s i d e r ­
a b l y  h i g h e r  a c i d i t i e s ;
W ith  s u c h  a n o m a l ie s  c o n f r o n t i n g  a p p l i c a t i o n  o f  t h e  i o n  e x c h a n g e  
m e th o d , i t  w as c o n s i d e r e d  t h a t  pH t i t r a t i o n s  i n  a  c o m p a ra b le  s y s te m  
m ig h t  p r o v e  f r u i t f u l  b e f o r e  c a r r y i n g  o u t  f u r t h e r  i n v e s t i g a t i o n s *
“ 72“
TABL33 A l. (Refer S,ig ,4 )
PH R %  r e s i n  s i t e s  
o c c u p ie d
pH R fo  r e s i n  si* 
o c c i ip ie d
6 * 4 4 1 .1 7 6 4 5 .2 0 1 .7 1 89
9 .8 8 0 .4 8 61 2 .1 0 2 .0 0 77
1 0 ,2 2 0*48 62 1 .2 2 2 .0 0 76
5 . 9 1 .5 0 88 0 .9 1 2 ,0 3 73
6 ,1 1 .4 7 87 0 .8 2 2 .0 8 70
6 * 4 1 .1 3 8 4 0 .7 6 2 .1 8 63
6 .0 1 .5 0 88  . 5.08 1.82 92
9 .6 0 ,4 8 79 4 .9 6 1 . 8 4 91
6 .3 7 1 .1 7 86 3 .3 5 2 .0 2 82
6 .5 7 0 .6 7 83 1 .2 0 2 .1 4 76
7 .8 7 0 .4 2 8 0 0 .9 0 2 .0 0 79
8 .7 5 0 .4 2 80 4.65 2 .0 0 93
5 .8 0 1 .4 4 91 4 .8 2 1 .8 7 100
5 .7 8 1 .4 5 91 5 .0 0 1 .8 8 100
5 .5 0 1 . 5 4 91 5 .2 0 1 .9 3 1 00
4 .7 0 1.69 8 4 5 .4 2 1 .8 7 1 0 0
2 .1 0 1 ,8 8 68 6.10 1 .5 6 98
6 .0 0 1 .3 6 92 6.13 1 .5 1 98
6 .3 0 1 .0 7 90 6.16 1 .4 1 98
6.70 0 .5 7 8 6 6.20 1 .5 7 98
9 .2 0 0 .4 4 85 5 .5 0 1 .8 3 1 0 0
1 0 .2 0 0 . 4 4 85 5 .3 8 1 .7 8 89 -
6 .7 0 0 .6 8 8 2 ' 4 .5 6 1 .8 5 99
8 .2 3 0 .4 9 8 0 2 .8 9 1 .9 9 83
8 .7 5 0 .4 8 81 5 .6 9 1 .7 6 96
8.90 0 .4 8 81 O.60 2 .2 8 76
9 .0 3 0 .4 8 81 1 .2 3 1 .9 0 83
9 .1 5 0 .4 8 81 1 .3 6 1 .9 9 68
5 .9 7 1 .4 8 90 1 .8 3 1 .9 7 69
5 .9 6 1 .4 7 90 2 .9 3 1 .9 0 73
6 .0 6 1 . 4 4 88 4 .0 7 1 ,8 8 85
6 . 2 4 1 .3 3 89 4.63 1 .8 7 90
6 .4 0 1 .0 2 91 5 .1 9 1 .8 3 95
6 .5 9 0,82 85 5 .4 8 1 .8 3 96
6 .7 0 0.67 82 1 .3 8 2 .1 8 82
8 .3 0 0.50 82 1 .3 7 2 .1 6 85
8 .7 8 0 .5 2 82 2 .3 8 2 .1 0 76
9 .0 2 0 .5 1 82 2 .9 5 2 .0 5 83
9 .1 6 0 .5 1 82 3.60 2 ,0 0 83
1 .5 1 2 .0 3 80 4 .3 3 1 .9 0 91
5 .5 5 1 .6 9 96 4 .8 6 1 .7 9 96
1 0 .0 3 0.50 81 5.26 1 .7 2 99
6 .8 8 0,50 97 5 .5 1 1 .7 2 100
B e c a u se  t h e  f o r m a t io n  o r  d e g r a d a t i o n  o f  i s o -  a n d  h e t e r o p o l y  
a n io n s  i s  d e p e n d e n t  u p o n  h y d ro g e n  i o n  c o n c e n t r a t i o n ,  pH t i t r a t i o n s  o f  t h e  
s im p le  oxy  a n i o n s  w i t h  v a r i o u s  a c i d s  a n d  r e v e r s e  t i t r a t i o n s  o f  c o n d e n s e d  
a c i d s  w i t h  b a s e s  h a v e  b e e n  i n v e s t i g a t e d  e x t e n s i v e l y  ( l . l . ) .  The s h a p e  
a n d  d i s p la c e m e n t  o f  t h e s e  c u r v e s  u n d e r  t h e  i n f l u e n c e  o f  c o n c e n t r a t i o n  
h a v e  b e e n  u s e d  a s  a  b a s i s  f o r  i d e n t i f i c a t i o n  o f  t h e  c o n d e n s a t io n  p r o d u c t s  
w i t h  w id e ly  v a r y i n g  i n t e r p r e t a t i o n s .  A d o p tin g  a  p u r e l y  m a th e m a t ic a l  
a p p ro a o h  t o  s y s te m s  t h a t  show  s u c h  c u r v e s  S i l l e n  a n d  o t h e r s ^  ~ ^  h a v e  
s u g g e s t e d  t h a t  a  g o o d  a p p r o x im a t i o n  t o  th e  m e ch an ism  i n v o l v e d  may b e  
o b t a i n e d  b y  c o m p a r in g  t h e  v a r i o u s  t h e o r e t i c a l  c u r v e s  d e r i v e d  f o r  p o s s i b l e  
i o n s  w i th  a c t u a l  e x p e r i m e n t a l  c u r v e s ,  p r o v i d e d  t h a t  t r u e  e q u i l i b r i u m  
e x i s t s ,  no s e p a r a t e  ( s o l i d )  p h a s e  i s  fo rm e d  a n d  t h a t  t h e  t i t r a t i o n s  a r e  
c a r r i e d  o u t  i n  c o n s t a n t  i o n i c  m edium , e . g .  3M N aC lO ^. A lth o u g h  t h i s  
fo rm s  one o f  t h e  m ore p r o m i s i n g  a p p r o a c h e s ,  i t s  l i m i t a t i o n s  h a v e  b e e n  
r e c o g n i s e d  b y  t h e  a u t h o r s  who h a v e  s a i d  " . . .  o n c e  one know s t h a t  p o l y -  
n u c l e a r  c o m p le x e s  a r e  fo rm e d  t h e  num ber o f  p o s s i b l e  p r o d u c t s  b e c o m e s  
v e r y  g r e a t .  S o , e v e n  i f  o n e  p o l y n u c l e a r  m e ch an ism  seem s t o  e x p l a i n  t h e  
d a t a ,  o n e  m ay r e a s o n a b l y  d o u b t  w h e th e r  t h e  sam e d a t a  c o u ld  n o t  e q u a l l y  
w e l l  b e  e x p l a i n e d  b y  s e v e r a l  o t h e r  m e c h a n ism s , p e r h a p s  r a d i c a l l y  d i f f e r e n t  
f ro m  t h e  o n e  o h o s e n . ”
I n  t h e  s y s te m  u n d e r  i n v e s t i g a t i o n  ( 3 * 1 , )  i t  w as n e i t h e r  d e s i r a b l e
3 .2 . pH TITRATIONS
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n o r  p o s s i b l e ,w h e n  d e t e r m in i n g  R v a l u e s ,  t o  m a i n t a i n  a  c o n s t a n t  i o n i c  
a tm o s p h e re  w i t h  f o r e i g n  i o n s .  The f o l l o w i n g  p o t e n t i o m e t r i c  s t u d y  w as 
i n t e n d e d  t o  v e r i f y  t h e  s h a p e  o f  t h e  R v a l u e  g r a p h  ( F i g . 4 )  u n d e r  i o n i c  . 
c o n d i t i o n s  s i m i l a r  t o  t h o s e  o b t a i n i n g  i n  t h e  i o n  e x c h a n g e  t e s t s  a n d  t o  s e e  
w h e th e r  f u r t h e r  c o n d e n s a t io n  a t  lo w  a c i d i t y  w as i n d i c a t e d .
To do t h i s  m o ly b d ic  a c i d  w as p r e p a r e d  b y  h y d ro g e n  e x c h a n g e  a s  d e s ­
c r i b e d  e a r l i e r  ( 2 . 1 . ) .  A 5 0  m l .  v o lu m e  o f  t h i s  a c i d ,  O .0364M m olybdenum  
a n d  w i t h  a  pH o f  2 .0 8 ,  w as t i t r a t e d  w i th  0.0977M  NaOH s o l u t i o n  t h r o u g h  t h e  
pH r a n g e  w h ic h  h a d  m a rk e d  t h e  a p p a r e n t  e n d  o f  c o n d e n s a t io n  i n  t h e  p r e l i m ­
i n a r y  i o n  e x c h a n g e  w o rk , i . e .  f ro m  pH 2 .0 8  t o  5 - 5 .  C u rv e  I  i n  F i g . 5 
( T a b le  A2) show s t h e  v a r i a t i o n  o f  pH w i th  t h e  e q u i v a l e n t s  o f  0H~ a d d e d  
p e r  g ,a to m  o f  m olybdenum  f o r  t h i s  t i t r a t i o n .
The p ro n o u n c e d  i n f l e c t i o n  o c c u r r i n g  a t  c a ,  pH 3 * 6  a f t e r  th e  a d d i t i o n  
o f  0 ,5  eq.O H  / g . a t o m  Mo seem ed  t o  i n d i c a t e  t h e  e n d  o f  a n  i n i t i a l  r e a c t i o n ( s )  
a n d  t h e  b e g i n n in g  o f  d e g r a d a t i o n .  As t h e  f i n a l  pH v a l u e  r e c o r d e d  w as r e -  : 
l a t i v e l y  h i g h  c o n s i d e r i n g  t h e  s m a l l  a l k a l i  a d d i t i o n ,  a n  e x t e n d e d  b u f f e r  
r e g i o n  b e tw e e n  c a ,  pH 5 &nd c o m p le te  n e u t r a l i s a t i o n  w as i m p l i e d .  I n , o r d e r  
t o  e s t a b l i s h  t h i s , t i t r a t i o n  o v e r  a  w id e r  pH r a n g e  w as c a r r i e d  o u t ,  A 
m o ly b d ic  a c i d  s o l u t i o n  o f  h i g h e r  c o n c e n t r a t i o n  w as e m p lo y e d  f o r  tvtfo r e a s o n s ,  
v i z .  t o  i n c r e a s e  t h e  pH r a n g e  b y  lo w e r in g  t h e  i n i t i a l  pH a n d  t o  a s c e r t a i n  
t h e  e f f e o t  o f  c o n c e n t r a t i o n  o n  i n c i d e n c e  o f  t h e  f i r s t  i n f l e c t i o n .  The 
a c i d  p r e p a r e d  w as Q . I 96M i n  m olybdenum  w i t h  a  pH o f  1 , 4 4 .  5 0  m l, o f  t h i s
FIGURE 5.
p H  titrations of molybdic acid with 
sodium hydroxide.
eq_.OH /g.afom M o.
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w as t i t r a t e d  w i th  NaOH o f  th e  same s t r e n g t h  a s  t h a t  u s e d  i n  t h e  f i r s t
e x p e r im e n t .  C u rv e  I I  o f  F i g . 5 p l o t t e d  f ro m  T a b le  A3 show s t h e  r e s u l t .
I m m e d ia te ly  p r i o r  t o  f i n a l  n e u t r a l i s a t i o n ,  ab o v e  pH 5 .5 *  t h e r e  w as a  s l i g h t
d e l a y  b e f o r e  s t e a d y  pH r e a d i n g s  c o u ld  b e  o b t a i n e d .  V a lu e s  w e re  i n i t i a l l y
h ig h  d r o p p in g  b a c k  t o  th e  a c i d  s i d e  o f  pH 7  i n  t h e  c o u r s e  o f  o n e  o r  two
81
m in u te s ;  T h is  e f f e c t ,  a l s o  o b s e r v e d  b y  B r i t t o n  a n d  G erm an w as o f  v e r y
much s m a l l e r  m a g n itu d e  t h a n  a  s i m i l a r  k i n e t i c  e f f e c t  n o t i c e d  i n  t h e
8 2
n e u t r a l i s a t i o n  o f  i s o p o l y  t u n g s t a t e s  b y  M iss  E .M .M c P a r t l in  i n  t h i s  
l a b o r a t o r y *
To o v e rco m e  p r o g r e s s i v e  d i l u t i o n  d u r in g  t i t r a t i o n  a  r e v e r s e  t i t r a ­
t i o n  w as c a r r i e d  o u t  b y  a c i d i f y i n g  so d iu m  m o ly b d a te  w i t h  r jio ly b d ic  a c i d  
o f  t h e  sam e m olybdenum  c o n c e n t r a t i o n *  F o r  c o m p a r is o n  p u r p o s e s  t h i s  
c o n c e n t r a t i o n  w as a d j u s t e d  t o  n e a r  t h a t  o f  t h e  p r e v i o u s  t e s t ,  b e i n g  
0 .193M  w h ic h  g a v e  a n  a c i d  pH o f  1 ,4 1  a n d  a  so d iu m  m o ly b d a te  s o l u t i o n . o f  
pH 6 .7 4 *  C u rv e  I  i n  F i g . 6 ( T a b le  A^) w as o b t a i n e d  b y  p l o t t i n g  t h e  pH 
a g a i n s t  v o lu m e  o f  a c i d  a d d e d .
A f t e r  a n  i n i t i a l  d ro p  i n  pH, t h e  g r a p h  sh o w ed  a n  a lm o s t  c o n s t a n t  
g r a d i e n t  a n d  h a d  l i t t l e  i n  common w i t h  p l o t s  o f  t h e  same v a r i a b l e s  f o r  
p r e v i o u s  t i t r a t i o n s ,  w h ic h  w e re  e s s e n t i a l l y  t h e  same s h a p e  a s  t h e  pH 
a g a i n s t  eq .O H  / g . a t o m  Mo c u r v e s  o f  F i g . 5 .  T h is  d i f f e r e n c e  w as b r o u g h t  
a b o u t  b y  t h e  s im u l ta n e o u s  a d d i t i o n  o f  i n c r e m e n t s  o f  b o t h  m olybdenum  a n d  
h y d ro g e n  i n  t h e  fo rm  o f  m o ly b d ic  a o i d ,  w h e re a s  t h e  m olybdenum  i n v e n t o r y
FIGURE S.
p H  titra tio n  of sodium motybdqte 
with motybdic acid.
(R e f . T a b le  A  4 )
2 - 0 *  1*0 0
e^. H V g .a to m  M o. ( I I )
« 7 6 "
#
o f  t h e  p r e v i o u s  t e s t s  h a d  r e m a in e d  c o n s t a n t .  To r e - p l o t  t h e  c u r v e  f o r
d i r e c t  c o m p a r is o n  w i t h  t h e s e  t i t r a t i o n s  u s i n g  e q .H  / g . a t o m  Mo a s  th e
a b o i s s a  i t  w as n e c e s s a r y  t o  know s o m e th in g  o f  t h e  c o m p o s i t io n  o f  t h e
m o ly b d ic  a c i d  b e i n g  a d d e d .  The a c t u a l  i o n i c  c o m p o s i t io n  w as n o t  know n,
b u t  s t a r t i n g  f ro m  t h e  one  i o n  o f  d e f i n i t e  c o m p o s i t io n ,  th e  s im p le  m o ly b d a te  
2 —
MoQ^ ,  know n t o  e x i s t  a t  a n d  ab o v e  pH 6 . 8, t h e  f o l l o w i n g  e q u a t i o n  c o u l d  
b e  d e d u c e d .
xMoO^2 -  *  2xH+ H2y - 6xM° x 0’- + ft-x -y  )li20
T h is  w as a t  o n c e  s e e n  t o  b e  a  g e n e r a l  e q u a t io n  f o r  t h e  c o n d e n s a t io n  o f
i s o p o ly m o ly b d a te s  i n  w h ic h  x  a n d  y  c o u l d  b e  v a r i e d  i n  r e l a t i o n  t o  o n e
a n o t h e r  t o  s a t i s f y  a n y  c o - o r d i n a t i o n  s t a t e  o f  m olybdenum  so lo n g  a s  
2 —MoO w as a c c e p te d  a s  t h e  s im p le  m o ly b d a te ,  t h e  v a l e n c i e s  o f  2 a n d  6
If.
w e re  o b s e r v e d  f o r  o x y g en  a n d  m olybdenum  r e s p e c t i v e l y  a n d  t h e  e l e c t r o ­
n e u t r a l i t y  o f  t h e  s y s te m  w as m a in ta in e d *  The c o n d e n s e d  m o ly b d ic  a c i d  o n  
th e  r i g h t  o f  t h e  e q u a t i o n  c o u l d  b e  f u l l y  p r o t o n a t e d  o r  e x i s t  a s  t h e  com­
p l e t e l y  d i s s o c i a t e d  a c i d  w i t h o u t  a f f e c t i n g  t h e  r e l a t i o n s h i p .  A m o s t 
im p o r t a n t  c o n c l u s i o n  w as d raw n  f ro m  t h i s  a l g e b r a i c  s t a t e m e n t  o f  t h e  
e q u i l i b r i u m ,  n a m e ly , t h a t  a n y  c o m p le te  c o n d e n s a t io n  o r  d e c o n d e n s a t io n  o f  
m olybcH o a c i d  c o u l d  b e  e x p r e s s e d  i n  te rm s  o f  t h e  i n t e r a c t i o n  o f  2 e q .H 1^ o r
mm
OH f o r  e a c h  g . a to m  o f  m o lybdenum . From  t h i s  p r o p o s i t o n  a n  e x p r e s s i o n  
w as d e r i v e d  t o  c o n v e r t  t h e  t o t a l  m olybdenum  a d d e d  a s  t h e  a c i d  to  a  c o n s t a n t  
am oun t o f  m olybdenum  o r i g i n a l l y  p r e s e n t  a s  so d iu m  m o ly b d a te ,  i n t o
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e q ,H  a d d e d / ( t o t a l )  g* a to m  Mo, T h i s  r e l a t i o n s h i p  w as z = — j,  w h e re  
z s= eq .H *  a d d e c /g .  a to m  Mo ( u n k now n ) 9 x  = t o t a l  g .  a to m  Mo a d d e d  a s  
m o ly b d io  a c i d  (k n o w n ) a n d  lc «  t h e  c o n s t a n t  am oun t o f  Mo o r i g i n a l l y  
p r e s e n t  a s  so d iu m  m o ly b d a te  (k n o w n ) . I n  t h e  c a s e  o f  th e  t i t r a t i o n  d e s ­
c r i b e d  a b o v e  w h e re  25  m l ,  o f  a n  0 ,1 9 3  M i n  Mo Na^MoO^ s o l u t i o n  w as b e i n g
2 xm ix e d  w i t h  t h e  sam e s t r e n g t h  a c i d ,  th e  e x p r e s s i o n  beoam e z = *
T h i s  f u n c t i o n  o f  x  w as g r a p h e d  a s  v o lu m e  o f  a c i d  a d d e d  a g a i n s t  e q .H  / g . a t o m  
Mo f o r  a  num ber o f  v a l u e s  o f  x  a n d  t h e  e q .H +/g *  a to m  Mo f o r  i n t e r m e d i a t e  
v o lu m e s  w as r e a d  o f f  t h e  t r a c t r i x  c u r v e  so o b t a i n e d .  The l a t t e r  b ecam e  
a s y m p to t i c  t o  th e  2 ,0  eq ,H +/ g ,  a tom  Mo o r d i n a t e  a s  i n f i n i t e  a d d i t i o n  o f  
a c i d  t o  so d iu m  m o ly b d a te  w o u ld  h a v e  b e e n  r e q u i r e d  t o  a t t a i n  t h e  pH o f  t h e  
a c i d  b e i n g  a d d e d .  T h i s  w as d e m o n s t r a t e d  i n  th e  t i t r a t i o n  w h e re  a  minim um  
pH o f  1 , 9  w as o b t a i n e d  a s  a g a i n s t  a  pH o f  1 ,4 1  f o r  t h e  p u re  a c i d .  C u rv e  I
o f  F i g , 6 on  r e - p l o t t i n g  a s  pH a g a i n s t  e q ,H +/ g ,  a tom  Mo becam e c u r v e  I I  
w h ic h  w as a lm o s t  i d e n t i c a l  t o  t h e  c o r r e s p o n d in g  p a r t  o f  c u r v e  I I ,  F ig ,5 >  
i n f l e c t i n g  on  th e  same o r d i n a t e  a n d  d iv e r g i n g  o n ly  w h e re  p r o g r e s s i v e  
d i l u t i o n  c a u s e d  t h e  s o l u t i o n s  o f  t h e  e a r l i e r  t i t r a t i o n  t o  e x h i b i t  lo w e r  pH .
T he t h r e e  t i t r a t i o n s  d e s c r i b e d  a b o v e  g a v e  c u r v e s  t y p i c a l  o f  t h o s e  
f o u n d  b y  o t h e r  w o r k e r s  i n  t h e  m o ly b d a te  f i e l d ,  b e i n g  c h a r a c t e r i s e d  b y  two 
w e l l  m a rk e d  i n f l e c t i o n s ,  t h e  f i r s t  o c c u r r i n g  u n d e r  t h e s e  c o n d i t i o n s ,  w i t h i n  
e x p e r i m e n t a l  e r r o r  o f  t h e  0 ,5  eq .O H  /g *  a to m  Mo o r d i n a t e  a t  a  pH b e tw e e n  
3  a n d  3#6> a f t e r  w h ic h  f o l l o w e d  a  s t r o n g l y  b u f f e r e d  s e c t i o n  o f  t h e  c u r v e
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e x te n d in g  f ro m  c a .  pH 4 * 7 5  t o  6 . 5  a n d  c o r r e s p o n d in g  t o  t h e  s t a t e  o f  t h e
s y s te m  fro m  th e  a d d i t i o n  o f  c a .  0 .7 5  t o  a lm o s t  2 e q * 0 H V g . a to m  Mo.
On f u r t h e r  a d d i t i o n  o f  h y d r o x y l  i o n  t h e r e  w as a  s h a r p  r i s e  i n  pH i n d i c a t i n g
c o m p le t io n  o f  n e u t r a l i s a t i o n  a n d  d e g r a d a t io n  a n d  g i v i n g  t h e  f i n a l  i n f l e c t i o n
on  t h e  2 .0  eq.O H  / g .  a tom  Mo o r d i n a t e  i n  a g re e m e n t  w i t h  t h e  t h e o r e t i c a l
s t a t e m e n t  o f  e q u i l i b r i u m  a b o v e .  No s i g n i f i c a n t  c h a n g e  w as o b s e r v e d  on
r e v e r s e  t i t r a t i o n .
B e c a u se  t h e r e  w as a n  i n f l e c t i o n  o c c u r r i n g  a t  1 . 5  e q .H +/ g .  a to m  Mo
r a t h e r  t h a n  a t  1 , 0  e q .H + o r  OH / g .  a to m  Mo, w h ic h  w o u ld  c o r r e s p o n d  t o  h a l f  > 4 . .
-  2 -
n e u t r a l i s a t i o n  i n  t h e  s im p le  s y s te m  H^MoO^ -  HMoO^ > I t  w as
e v i d e n t  t h a t  p o l y n u c l e a r  s p e c i e s  h a d  b e e n  fo rm e d . S u ch  a n  a s s u m p t io n  b e i n g
i n  g o o d  a g re e m e n t w i t h  t h e  o b s e r v e d  i n c r e a s e  i n  R v a l u e  b e y o n d  1 . 0  (R  -  1 . 0
f o r  HMoO^ ) .  The b e g i n n i n g  o f  a  p r e l i m i n a r y  c o n d e n s a t i o n  a t  pH j u s t  b e lo w
7 w as i n d i c a t e d  b y  b o t h  t e c h n iq u e s  a n d  t h i s  c o n t i n u e d  down t o  pH 3 “  4
d e p e n d in g  t o  some e x t e n t  u p o n  c o n c e n t r a t i o n .  I t s  t e r m i n a t i o n  w as e v id e n c e d
i n  t h e  pH t i t r a t i o n s  b y  t h e  i n f l e c t i o n  a t  t h e  1 .5  eq*H *Vg. a tom  Mo s t a g e ,
w h ic h  w as s u b s t a n t i a l l y  u n a f f e c t e d  b y  c h a n g e s  i n  c o n c e n t r a t i o n ,  a n d  i n  t h e
i o n  e x c h a n g e  w o rk , b y  a  l e v e l l i n g  o f f  i n  R v a lu e  a t  2 ,  th e  s i g n i f i c a n c e  o f
w h ic h  w i l l  b e  d i s c u s s e d  l a t e r .
A lth o u g h  t h e r e  w as a  s l i g h t  d i s c o n t i n u i t y  i n  t h e  fo rm  o f  a  f l a t t e n i n g
o f  c u r v e  I I  ( F i g . 5 ) ,  b e lo w  pH 3> t h e r e  w as no  c l e a r  e v id e n o e  f o r  f u r t h e r
27c o n d e n s a t io n  i n  t h i s  r e g i o n ;  a  f a c t  t h a t  no d o u b t  l e d  C annon  t o  p o s t u l a t e
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t h e  f o r m a t io n  o f  o n e  c o n d e n s e d  s p e c i e s  o n ly  i n  t h e  a c i d  r a n g e .  The 
p o t e n t i o m e t r i c  w o rk  d e s o r i b e d  i n  t h i s  s e c t i o n  t h e r e f o r e  fo rm e d  a  u s e f u l  
c o n f i r m a t i o n  o f  c o n c l u s i o n s  d raw n  f ro m  t h e  p r e l i m i n a r y  i o n  e x c h a n g e  w o rk  
r e g a r d i n g  t h e  i n i t i a l  c o n d e n s a t i o n ,  b u t  d i d  n o t  s u p p o r t  t h e  f u r t h e r  a g g r e ­
g a t i o n  s u g g e s t e d  i n  t h e  l i t e r a t u r e ,  n o r  d i d  i t  e x p l a i n  t h e  s i g n i f i c a n t  
f a l l i n g  o f f  i n  t h e  p e r c e n t a g e  o f  s i t e s  o c c u p ie d ,  show n i n  F i g .  4#
One f u r t h e r  pH t i t r a t i o n  w as c a r r i e d  o u t  l a t e r  i n  t h e  w o rk , a f t e r  
e x p e r im e n t s  i n v o l v i n g  t h e  u s e  o f  1 2 -m o ly b d o p h o s p h o r ic  a c i d .  I n  t h i s  
t i t r a t i o n  25  m l ,  o f  t h e  y e l lo w  a c i d ,  0 .1 2 1  M i n  Mo, p r e p a r e d  b y  c a t i o n  
e x c h a n g e  fro m  so d iu m  1 2 - m o ly b d o p h o s p h a te ,  w as t i t r a t e d  w i t h  0 . 2  M s o d iu m  
h y d r o x id e  s o l u t i o n .  T he r e s u l t s  o f  t h i s  e x p e r im e n t  a r e  shown i n  F i g . 7 
( T a b le  A 5 ) , f ro m  w h ic h  i t  w i l l  b e  s e e n  t h a t ,  t h e  s h a p e  o f  th e  g r a p h  w as 
a lm o s t  i d e n t i c a l  t o  t h o s e  o f  t h e  i s o p o l y  a o i d  t i t r a t i o n s ,  d i f f e r i n g  o n ly  
i n  t h e  p o s i t i o n  o f  f i n a l  n e u t r a l i s a t i o n  w h ic h  o c c u r r e d  i n  t h i s  c a s e  a t  
2 .1 7  i n s t e a d  o f  2 .0  e q .0 H ~ /g .  a to m  Mo, a c c o r d in g  t o  t h e  r e a c t i o n :
\ PMo1 2 ° 4 0  *  26 Na0H N a2HP04  + 12  N a2Mo04  + H2 °
I n  a n a lo g y  w i t h  th e  i s o p o l y  a c i d  t i t r a t i o n s  t h e r e  w as a  s m a l l  t im e
f a c t o r  i n v o l v e d  i n  a t t a i n m e n t  o f  s t e a d y  pH j u s t  b e f o r e  f i n a l  n e u t r a l i s a t i o n *  
The i n s t a n t a n e o u s  pH v a l u e s  o b t a i n e d  h e r e  fo rm  t h e  s e c o n d a r y  i n f l e c t i o n  
o f  t h e  c u r v e  i n  F i g , 7 .
FIGURE 7.
pH  1 it  ration of I2~motybciophosphonc acid with 
sodium hydroxide.
eq-. OH~/g.atom Mo.
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TABLB A2 ( R e f i  P i g . 5 )  
pH t i t r a t i o n  o f  50  m l .  0.03&4- M m o ly b d io  a o i d  (pH 2 .0 8 )  w i th  
0 ;0 9 7 7  M NaOH.
OH a d d e d /g .  a to m  Mo PH ©q.OH a d d e d /g .  a to m  Mo pH
0* 0 0 5 2.08 0 .4 2 4 2 .9 8
0 .0 X 1 2 .0 9 0 .4 5 0 3 - 1 5
0 .0 2 7 2 .1 1 0 .4 7 6 3 .4 0
0 .0 5 3 2 .1 3 0 .5 0 3 3 .6 8
0 .0 8 0 2.16 0 .5 3 0 3 .9 7
0.106 2 .1 9 0 .5 5 6 4 .2 1
0 .1 3 2 2 .2 2 0 .5 8 2 4 .3 8
0 .1 5 9 2.26 0 .6 0 8 4 .5 2
0 .1 8 5 2 .2 9 0 .6 3 5 4 .6 3
0 .2 1 2 2 .3 4 0.662 4 .7 3
0 .2 3 8 2 .3 9 0 ,6 8 8 4 .8 1
0 .2 6 5 2 .4 3 0 .7 1 5 4.88
0 .2 9 1 2 .4 7 0 .7 4 1 4 .9 5
0 .3 1 8 2 .5 5 0 .7 6 8 5 .0 0
0 .3 4 4 2.63 0 .7 9 5 5 .0 5
0 .3 7 1 2 .7 3 0 .8 9 0 5 .2 0
0 .3 9 7 2 .8 4 1.06 5 .3 5
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0 . 0977  M NaOHmrrt* ■ ■ w> m
OH a d d e d /g ,  a to m  Mo pH eq.O H  a d d s d /g .  a to m  Mo pH
0 .0 4 0 1 . 4 4 I . I 9 5.40
0 .0 8 0 1 .4 9 1 .2 3 5 .4 3
0 .1 1 9 1 .5 2 I .27 5 .4 5
0 .1 5 9 1 .5 9 I . 3I 5 .4 7
0 .1 9 9 1.69 1 .3 5 5 .4 9
0 .2 3 9 1 .7 8 1 .3 9 5 .5 0
0 .2 7 8 1 .8 6 1 .4 3 5 .5 2
0 .3 1 8 1 .9 5 1 .4 7 5 .5 3
0 .3 5 8 2.06 I .52 5 .5 4
0 .3 9 8 2 .2 0 1 .5 7 5 .5 6
0 .4 3 8 2 .4 1 1.62 5 .5 8
0 .4 7 8 2 .7 7 1 .6 7 5 .5 9
0 .5 1 7 3 .3 1 1 .7 2 5 .6 1
0 .5 5 7 3 .7 5 1 .7 7 5 .6 3
0 .5 9 7 4 .0 5 1 .8 2 5 .6 6
0 .6 5 9 4 . U 1.8 7 5 .6 9
0.696 4 .6 1 1 .9 8 5 .8 1
0 .7 3 6 4 .7 7 1 .9 9 5 .8 5
0 .7 7 6 4 .8 7 2 .0 0 5 . 9 4
O .8I 6 4 .9 6 2.01 6.32
0.856 5 .0 2 .,2.02 7 .2 1
0 .8 9 5 5 .0 8 2.03 8 .8 3
0 .9 3 5 5 .13 2,04 9 .4 1
0 .9 7 5 5 .1 8 2 .0 5 9 .7 9
1 .0 4 5 .2 5 2.06 1 0 .0 4
1 .0 8 5 .2 9 2.07 1 0 .2 5
1 .1 1 5 .3 4 2.08 1 0 .4 6
1 .1 5 5 .3 7
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TABLE A4 ( R e f .  F ig * 6 )  
pH t i t r a t i o n  o f  25 m l .  0 .1 9 3 . M so d iu m  m o ly b d a te  (pH  6 .7 4 )  w i t h
0 .1 9 3  M m o ly b d ic  a o i d  (pH 1 . 4 1 )
m l„ m o ly b d ic eq ,H + a d d e d / pH m l. m o ly b d ic e q .H *  a d d e d / pH
a o i d g .a to m  Mo a c i d g .a to m  Mo
0*3 0 * 0 4 6 .4 4 3 7 .0 1 .2 0 5 .2 2
1 . 0 ■ 0 .0 8 5 .3 9 3 8 .0 1 .2 1 5 .1 8
2 .0 0 .1 7 6 .3 3 3 9 .0 1 .2 2 5 .1 4
3 .0 0 .2 3 6 .2 8 4 0 .0 1 . 2 4 5 .0 8
4 .0 0 .2 8 6.24 4 1 .0 1 .2 5 5 .0 4
3 .0 0 . 3 4  ' 6 .2 0 4 2 .0 1.26 4 .9 7
6 .0 0 .3 9 6 .1 7 4 3 .0 1 .2 7 4 .9 2
7 .0 0 . 4 4 6 .1 3 4 4 .0 1 .2 8 4 .8 7
8 .0 0 .4 9 6 .1 0 4 5 .0 1 .2 9 4 .8 2
9 .0 0 .3 4 6 .0 7 46.0 1 .3 0 4 ,7 6
1 0 .0 0 .3 8 6 .0 4 4 7 .0 1 .3 1 4 .7 0
1 1 .0 0.62 6.00 4 8 .0 1 .3 2 4 . 6 4
1 2 .0 0 .6 3 5 .9 8 4 9 .0 1 .3 3 4 .5 8
1 3 .0 0 .6 9 3 .9 5 5 0 .0 1 . 3 4 4 .5 1
14.0 0 .7 ? 5 .9 3 5 1 .0 1 .3 5 4 .4 3
1 3 .0 0 .7 3 5 .9 1 5 2 .0 1.36 4 .3 8
1 6 .0 0 .7 9 5 .8 7 5 3 .0 1 .3 6 4 .3 2
1 7 .0 0 .8 2 5 .8 4 5 4 .0 1 .3 7 4 .2 7
1 8 .0 0 .8 4 5 .8 1 5 5 .0 1 .3 8 4 .2 2
1 9 .0 0 .8 7 5 .7 9 5 6 .0 1 .3 9  - 4 .1 7
2 0 .0 0 .8 9 5 .7 6 5 7 .0 1 .4 0 4 .1 2
2 1 .0 0 .9 2 5 .7 3 5 8 .0 1 .4 0 4.07
2 2 ,0 0 .9 4 5 .7 0 5 9 .0 1 .4 1 4 .0 2
23.0 0.96 5 .6 7 6 0 .0 1 .4 1 3 .9 6
2 4 .0 0 .9 8 5.64 6 1 ,0 1 .4 2 3 .9 1
2 3 .0 1 .0 0 5.62 62.0 1 .4 3 3 .8 7
26.0 1 .0 2 5 .5 8 63.0 1 .4 3 3 .8 1
2 7 .0 1 . 0 4 5 .5 6 64.0 1 . 4 4 3 .7 6
2 8 .0 1.06 5 .5 2 6 5 .0 1 ,4 5 3 .7 0
,29.0 1 .0 8 5 .5 0 7 0 .0 1 .4 8 3 .4 1
3 0 .0 1 .0 9 5 .4 7 7 5 .0 1 .5 0 3 .0 3
3 1 .0 1 .1 1 5 .4 3 8 0 .0 1 .5 3 2 .6 8
3 2 .0 1 .1 2 5 .4 0 8 5 .0 1 .5 5 2 .4 5
3 3 .0 1 . 1 4 5 .3 7 90.0 1 .5 7 2 ,3 0
3 4 .0 1 .1 5 5 .3 3 9 5 .0 1 .5 9 2 .2 0
3 3 .0 1 .1 7 5 .3 0 1 0 0 .0 1.60 2 .1 4
3 6 .0 1 ,1 8 5.26 1 2 5 .0 1.6 7 1 .9 0
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. TABLE A5 ( R e f .  E i g . 7 )
pH t i t r a t i o n  o f  25 ml« 0 »121  M 12 m o ly b d o p h o s p h o r io  a c i d  
(p H , 1 ,5 5 )  w i t h  0 ,2 0 0  M NaOH
4
e q , OH a d d e d /g .  a tom  Mo pH
0 .0 3 3 1.60
0 .0  66 I .64
0 .0 9 9 1 .6 8
0 .1 3 2 1 . 7 4
0 .1 6 5 1 .8 0
0 .1 9 8 1 .8 8
0 .2 3 1 1 .9 5
0 .2 6 4 2.04
0 .2 9 8 ' 2 .14
0 .3 3 1 2.25
0 .3 6 4 2.36
0 .3 9 7 2 .5 2
0 .4 3 0 2.76
0 .4 6 3 3 .1 3
0 .4 9 6 3 .7 1
0 .5 2 9 4 .1 1
0.562 4 .4 0
0 .5 9 5 4 . 6 l
0.628 4 .7 8
0.661 4 .9 2
0.694 5 .0 3
0 .7 2 7 5 .1 2
0.760 5 .1 8
0 .7 9 3 5.26
0 .8 2 7 5 .3 0
O.860 5 . 3 4
0 .8 9 3 5 .3 8
0 .9 2 3 5 .4 1
eq.O H  a d d e d /g ,  a tom  Mo pH
0 .9 5 9 5 .4 3
0 .9 9 2 5 .4 6
1 .0 3 5 .4 9
1 .0 6 5 .5 0
1 .0 9 5 .5 3
1 .1 2 5 .5 4
1 .1 6 5 .5 6
1 .1 9 5 .5 9
1 .2 2 5 .6 1
1.26 5 .6 4
1 .2 9 5 .6 6
1 .3 2 5 .6 8
1 .3 9 5 .7 1
1 .4 6 5 .7 5
1 .5 2 5 .7 8
1 .5 9 5 .8 0
1.65 5 . 8 4
1 .7 2 5 .8 8
1 .7 9 5 .9 2
1 .8 5 5 . 9  6
1 .9 2 6 ,0 3
1 .9 8 6.10
2 .0 5 6.20
2 .1 2 7.00
2 .1 9 1 0 .4 5
2.25 11.0 4
2 .3 1 U .23
2 .4 5 1 1 .4 1
3 * 3 . MAIN ION EXCHANGE EXPERIMENTS
mmmmm— mmwmmmmmm— — w W m  .n— m c t w w umrrzmm— ■am— n w n —
A lth o u g h  th e  p r e l i m i n a r y  i o n  e x c h a n g e  e x p e r i m e n t s  a n d  pH t i t r a t i o n s  
h a d  show n g o o d  a g re e m e n t r e g a r d i n g  t h e  i n i t i a l  s t a g e s  o f  m o ly b d a te  c o n d e n s a ­
t i o n ,  l i t t l e  e v id e n c e  o f  f u r t h e r  a g g r e g a t i o n  w as r e v e a l e d  b e lo w  pH 3*
T h e re  w as h o y /e v e r  r e a s o n  to  b e l i e v e  t h a t  s u c h  a g g r e g a t i o n  h a d  t a k e n  p l a c e ,  
s i n c e  t h e  l i t e r a t u r e  ( 1 , 1 , )  c o n t a i n e d  many n o n  s p e c i f i c  r e f e r e n c e s  t o
• , • - 1 2
l a r g e r  i o n s .  F o r  e x a m p le , t h e  s y s te m  o f  c o n d e n s a t io n  p r o p o s e d  b y  J a n d e r  7  ,
w h ic h  i s  s t i l l  s u p p o r t e d  b y  som e w o rk e r s  p r e d i c t e d ,  o n  t h e  b a s i s  o f  m o l e c u la r
w e ig h t  d e t e r m i n a t i o n s ,  i o n s  c o n t a i n i n g  1 2 , 16  a n d  p e r h a p s  2 4  m olybdenum  .
a to m s . P e r h a p s  t h e  g r e a t e s t  r e a s o n  f o r  q u e s t i o n i n g  t h e  a p p a r e n t  l a c k  o f
f u r t h e r  c o n d e n s a t io n  w as a  n e e d  t o  a c c o u n t  f o r  t h e  m a rk e d  f a l l i n g  o f f  i n
r e s i n  s i t e s  o c c u p ie d  b y  m olybdenum  s p e c i e s  o b s e r v e d  i n  F i g . 4 ,  w h ic h  c o u l d
o n ly  b e  e x p l a i n e d  b y  c o n d e n s a t io n  o f  m o ly b d a te  t o  i o n s  o f  s i z e s  g r e a t e r  th a n
t h a t  o f  th e  p o re  s i z e  o f  t h e  r e s i n .
S t e r i o  o b s t r u c t i o n  b y  i o n  e x c h a n g e r s  w as n o t  unknow n h a v in g  b e e n
8.3
o b s e r v e d  a s  e a r l y  a s  1937 b y A k a ro y d  a n d  B ro u g h to n  i n  t h e  r e d u c e d  u p ta k e  
o f  t h e  b e n z y l t r im e th y l a m i n e  i o n  o n  e a r l y  p h e n o l  f o rm a ld e h y d e  e x c h a n g e r s ,
Ql . •
L a t e r  K ressm an  a n d  K i t c h e n e r  n o t i c e d  a  s i m i l a r  e f f e c t  b e tw e e n  a  p h e n o l -
85s u lp h o n ic  a c i d  e x c h a n g e r  a n d  th e  q u i n i n e  c a t i o n .  G u s ta v s o n  a n d  Holm 
s t u d i e d  s t e r i c  o b s t r u c t i o n  i n  th e  m o d e rn  p o l y s t y r e n e  -  D0VoB, r e s i n s  an d  
f o u n d  t h a t  t h e y  c o u l d  a lm o s t  c o m p le te ly  e x c lu d e  m any c a t i o n i c  ch rom ium  
c o m p le x e s  b y  i n c r e a s i n g  t h e  D0V 0B0 c r o s s - l i n k a g e .  T h re e  y e a r s  e a r l i e r
-84*
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K u n in  a n d  M y e r s  p u b l i s h e d  f i g u r e s  c o n c e r n in g  t h e  u p ta k e  o f  th e  p e n i c i l l i n  
G- a n io n  o n  r e s i n s  o f  t h e  sam e ty p e  a s  t h o s e  u s e d  i n  t h i s  w o rk , i n  w h ic h  t h e y  
r e p o r t e d  a* 1 0 0 $  c a p a c i t y  f o r  t h e  r e s i n  i n  r e s p e c t  o f  t h i s  a n io n  a t  1 $
D.VoBo b u t  o n ly  0 * 4 $  c a p a c i t y  w i t h  a n  8 $  D0V0Be r e s i n .  R u s s e l l  a n d
63 'S alm on  a l s o  made u s e  o f  t h i s  u i o n i c  s i e v e ” e f f e c t  i n  i d e n t i f y i n g  t h e
v a r i o u s  i s o p o l y v a n a d a t e s  a n d  a t  t h e  sam e t im e  t h e  f o l l o w i n g  w o rk  on
m o ly b d a te s  w as com m enced.
3*3*1» S e l e c t i o n  o f  a  r e s i n  c a p a b le  o f  a d m i t t i n g  t h e  l a r g e s t  r a o ly b d a te .
A t t h e  t im e  t h i s  w o rk  w as u n d e r ta k e n  t h e r e  w e re  no h i g h  p o r o s i t y  
r e s i n s  a v a i l a b l e  c o m m e r c ia l ly  b u t  a n  e x p e r i m e n t a l  e x c h a n g e r  ( D e A c id i t e  F I ')  
o f  h ig h  w a te r  r e g a i n  w as o b t a i n e d  f ro m  The p e r m u t i t  Company, L o n d o n . T h is  
r e s i n  h a d  a  w a t e r  r e g a i n  o f  1 . 6 ,  i . e .  1  g , ( d r y )  w o u ld  a b s o r b  1 .6 g *  o f  
w a te r  a n d  t h e r e b y  g iv e  a  w e t v o lu m e  2*3 t im e s  t h a t  o f  t h e  r e s i n  p r e v i o u s l y  
u s e d  ( 0 .7  W .R .) .  A 75  m l ,  t e s t  vo lu m e o f  p u r e  m o ly b d ie  a c i d  0 .1 8 5  M i n  
m olybdenum  w as e q u i l i b r a t e d  w i t h  1  g ,  o f  t h i s  r e s i n  i n  i t s  d r i e d  c h l o r i d e  
f o r m .  The t e s t  w as c a r r i e d  o u t  i n  t r i p l i c a t e  a l l o w in g  t h e  s o l u t i o n s  
t o  r e m a in  i n  c o n t a c t  w i t h  th e  r e s i n  f o r  1 ,  7 a n d  17  d a y s  r e s p e c t i v e l y  
so  t h a t  a n  a s s e s s m e n t  o f  t h e  t im e  f o r  e q u i l i b r i u m  t o  b e  r e a c h e d  c o u l d
i
I
b e  m ad e . |
• . '  !
T a b le  6 show s t h e  r e s u l t .
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75 m l .  0 .1 8 5  M m o ly b d ic  a c i d  -  pH 1 ,6 0  
1  g .  V & /F F  C l fo rm , w a te r  r e g a i n  1 .6
TABLF 6
j C o n ta c t  
| t im e
F i n a l  Mo 
c o n c .  M
fo r e s i n  s i t e s  
o c c u p ie d
M ia ' m i r w i  iib  i n - .............in j u rijii ¡■ M i I ■
F i n a l  pH
: ‘
R
| 1  d a y 0 ;o 6 7 83 4m 2 .7 2
7 d a y s 0.016 99 1 .4 3 3.16
17 d a y s 0 ,0 0 7 1 0 0  ‘ _ 3 .3 1
I t  o a n  b e  s e e n  t h a t  t h e r e  w as a  c o n s i d e r a b l e  i n c r e a s e  i n  It b e y o n d  2 , 
w h ic h  w as t h e  maximum v a l u e  p r e v i o u s l y  o b t a i n e d  (3 * 1 * )>  a p p a r e n t  e v e n  i n  
t h e  t e s t  w h e re  t h e  t im e  o f  c o n t a c t  w as one d a y . I n  a d d i t i o n  t h e  o c c u p a ­
t i o n  o f  r e s i n  s i t e s  show ed  a n  i n c r e a s e  t o  t h e  maximum a n d  so  th e  e n t r y  
o f  l a r g e r  s p e c i e s  t h a n  t h o s e  h a v in g  R ~ 2 w as e s t a b l i s h e d .  A T th o u g h  
t h e  v a l u e  o f  R h a d  show n a  m a rk e d  o v e r a l l  i n c r e a s e ,  t h e  p r o g r e s s i v e  r i s e  
d e p e n d e n t  o n  e q u i l i b r i u m  t im e  w as t a k e n  a s  a n  i n d i c a t i o n  t h a t  t h e  r e s i n  
m ig h t  s t i l l  b e  to o  lo w  i n  p o r o s i t y .  F u r t h e r  s u p p o r t  f o r  t h i s  oam e f ro m  
t h e  d i f f e r e n c e  b e tw e e n  i n i t i a l  a n d  f i n a l  pH, w h ic h  w as a t t r i b u t e d  t o  
r e l e a s e  o f  h y d ro g e n  i o n s  a c c o m p a n y in g  t h e  b re a k d o w n  o f  th e  l a r g e s t  i o n ( s ) .  
S u ch  a  d e g r a d a t i o n  o f  t h e  l a r g e r  i o n s  m ig h t  b e  e x p e c te d  i f  t h e s e  w e re  to o  
l a r g e  t o  b e  s o r b e d  b y  t h e  r e s i n ,  w h ic h  w o u ld  c o n s e q u e n t l y  s o rb  s e l e c t i v e l y  
i o n s  o f  a n  i n t e r m e d i a t e  s i z e  t h a t  c o u ld  p e n e t r a t e  t h e  r e s i n  p o r e s .  I n
'87“*
t h e  c o n s e q u e n t  i s - e s ta b l i s h m e n t  o f  e q u i l i b r i u m  i n  th e  a q u e o u s  p h a s e  t h e  
i o n s  rem o v e d  f ro m  s o lu t io n  b y  t h e  r e s i n  Yrould b e  r e p l a c e d  b y  o t h e r s  fo rm e d  
b y  d e g r a d a t i o n  o f  l a r g e r  o n es*
To t e s t  t h i s  a s s u m p t io n  f i v e  r e s i n s  w e re  m a n u f a c tu r e d ,  a c c o r d in g  
t o  th e  m e th o d  d e s c r i b e d  a b o v e  ( 2 .4 * )  w i t h  w a t e r  r e g a i n  v a l u e s  o f  4*9>
5 * 6 , 6*5  a n d  7 .6 *  T h i s  l a r g e  i n c r e a s e  i n  w a te r  r e g a i n  w as n o t  e x p e c t e d  
t o  p r o d u c e  a  c o r r e s p o n d in g  i n c r e a s e  i n  p o r e  s i z e  a s  t h e  s w e l l i n g  o f  r e s i n  
w as know n t o  b e  a  maximum i n  p u r e  w a te r  ( a  c o n d i t i o n  o f  th e  w a te r  r e g a i n  
m e a s u re m e n t) ,  f a l l i n g  o f f  s h a r p l y . w i t h  i n c r e a s e  i n  t h e  i o n i c  c o n c e n t r a ­
t i o n  o f  t h e  e x t e r n a l  s o l u t i o n *  I t  w as h o p e d ,  h o w e v e r , t h a t  t h e  n e t t  
g a i n  i n  p o r o s i t y  m ig h t  b e  a d e q u a te  t o  a d m it  t h e  l a r g e s t  i o n s .  A n o th e r  
s e r i e s  o f  e x p e r im e n t s  s i m i l a r  t o  t h e  p r e v i o u s  one  b u t  u s i n g  t h e s e  r e . s i n s  
w as t h e r e f o r e  p l a n n e d .  The t o t a l  m olybdenum  c o n c e n t r a t i o n  a t  
e q u i l i b r i u m  w as i n c r e a s e d  b y  a d j u s t m e n t  o f  t h e  t e s t  v o lu m e  r a t h e r  
t h a n  t h e  a c i d  c o n c e n t r a t i o n ,  a n d  s i n c e  one d ay  seem ed  q u i t e  i n a d e q u a t e  
f o r  e q u i l i b r i u m  c o n t a c t  t i m e s  o f  9 &hd 16  d a y s  w e re  a llo v ired  f o r  e a c h  
o f  t h e  f o u r  new r e s i n s  (S e e  T a b le  7 ) .
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TABLE 7 .
1 0 0  m l. m o ly b d ic  a c i d  0 .1 8 3  M i n  Mo -  pH 1 .6 6 .  
1 g .  d r y  C l fo rm  r e s i n  p e r  t e s t .
W a te r  r e g a i n C o n ta c t  
t i m e . D ays
F i n a l  Mo 
c o n c .  M
%  r e s i n  s i t e s  
o d o u p ie d
F i n a l  pH R
4 . 9 9 0.032 97 1.6 2 4.12
4 . 9 16 0 .0 2 7 98 1 . 6l 4 .2 2
5 .6 9 0.028 100 1.6 2 4 . 1 4
5 .6 16 0 .0 2 4 100 1.6 1 4 .2 3
6 . 5 9 0 .0 3 3 97 1.62 4.40
6 .5 16 0.030 97 1 . 6 4 4 .3 8
7 .6 9 0.032 99 1 . 6 4 4 .3 2
7 . 6 16 0 .0 2 9 99 1 . 6 4 4 .4 1
A f u r t h e r  r i s e  i n  R w as r e v e a l e d  a n d  i n  t h e  m ore p o ro u s  r e s i n s  an  
u p p e r  l i m i t  a p p e a r e d  t o  h a v e  b e e n  r e a c h e d .  W i th in  t h e  e x p e r i m e n t a l  e r r o r  
o f  th e  t e s t s ,  e q u i l i b r i u m  h a d  b e e n  e s t a b l i s h e d  i n  9 d a y s ,  a  c o n s i d e r a b l e  
r e d u c t i o n  b y  c o m p a r is o n  w i t h  t h e  p r e v i o u s  t e s t s .
To e s t a b l i s h  m o re  a c c u r a t e l y  t h e  minimum w a t e r  r e g a i n  f o r  f r e e  e n t r y  
o f  t h e s e  l a r g e r  i o n s ,  29 r e s i n s  w e re  m ade w i t h  w a t e r  r e g a i n s  f ro m  0 .7  t o
2 4 . 1 .  A som ew hat s t r o n g e r  m o ly b d ic  a c i d  was p r e p a r e d  ( 0 .1 9 7  M, pH 1 . 5 8 ) ,  
a n d  0 .3  g .  l o t s  o f  e a c h  r e s i n  w e re  e q u i l i b r a t e d  f o r  14  d a y s  w i th  1 0 0  m l. 
a l i q u o t s  o f  t h i s .  The R v a l u e s  o b t a i n e d  a r e  p l o t t e d  a g a i n s t  w a te r
■89-
S o r e e n in g  o u t  o f  h i g h  R v a l u e  i o n s  Y/as v e r y  o b v io u s  w i th  w a te r  r e g a i n  
l e s s  t h a n  2 , n o t  o n ly  i n  th e  s h a p e  o f  th e  c u r v e  b u t  a l s o  i n  t h e  p e r c e n ta g e  
o f  s i t e s  u s e d .  A bove a  w a t e r  r e g a i n  v a l u e  c f  2 t h e  c u r v e  r o u n d e d  o f f  a s  
a c c e s s  t o  a l l  r e s i n  s i t e s  becam e f r e e r ,  r e a c h i n g  a  maximum R v a lu e  o f  c a .5 *  
V a lu e s  w e re  h i g h  a o c o r d in g  t o  t h e  p r e v io u s  e x p e r im e n t  w h e re  if. 4  w as t h e  
maximum R o b t a i n e d  b u t  t h i s  w as a t t r i b u t e d  t o  t h e  h i g h e r  a c i d  c o n c e n t r a ­
t i o n  w h ich  t o g e t h e r  v / i th  i t s  lo w e r  a s s o c i a t e d  pH s h o u ld  i n c r e a s e  t h e  
p r o p o r t i o n  o f  l a r g e r  a g g r e g a t e s .
R v a l u e  5 seem e d  s i g n i f i c a n t  f ro m  t h e  s h a p e  o f  t h e  c u r v e  b u t  t h e
r e s i n  p o r o s i t y  a t  w h ic h  t h i s  r a t i o  w as a t t a i n e d  ( o a . l 6 . 0 )  w as c o n s i d e r e d
e x c e s s i v e .  T h e re  w ere  two p o s s i b l e  r e a s o n s  f o r  t h i s  l e i s u r e l y  r i s e  i n
R r a t h e r  t h a n  f o r m a t i o n  o f  a  w e l l  d e f i n e d  p l a t e a u .  F i r s t l y ,  i f  t h e
e q u i l i b r i u m  tim e  h a d  b e e n  i n a d e q u a t e  t h e n  t h e  t i g h t e r  r e s i n s  w o u ld  show  a
lo w e r  R ( i . e .  s m a l l e r  i o n s  re m o v e d  fro m  s o l u t i o n  f i r s t )  o r ,  s e c o n d ly ,
a c c e p t i n g  t h a t  a n  R o f  c a .  4 . 5  w as t h e  a v e r a g e  R o f  tw o o r  m ore i o n s ,
t h e  e f f e c t  c o u l d  b e  a t t r i b u t e d  t o  t h e  p r e f e r e n t i a l  u p ta k e  o f  s m a l l e r  i o n s
b y  th e  lo w e r  v /a te r  r e g a i n  a n d  t h e r e f o r e  h i g h e r  c h a r g e  d e n s i t y  r e s i n  d u e
8 7
t o  t h e  s e l e c t i v i t y  e f f e c t  o b s e r v e d  b y  G re g o r  . G re g o r  h a s  show n t h a t  
t h e  n o rm a l s e l e c t i v i t y  c a n  b e  r e v e r s e d  i n  th e  c a s e  o f  l a r g e  i o n s  a n d  lo w  
p o r o s i t y  r e s i n s  b y  th e  h i g h  i n t e r n a l  d w e l l i n g  p r e s s u r e 1 s e t  up  i n  t h e  
l a t t e r  w h ic h ,  i n  i n c r e a s i n g  t h e  c h e m ic a l  p o t e n t i a l  o f  a l l  i o n s  on  th e
regain in Fig. 8 (Table A6).
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r e s i n  a c c o r d in g  t o  t h e i r  p a r t i a l  m o la r  v o lu m e , r e s u l t s  i n  a  p r e f e r e n c e  f o r  
t h e  s m a l l e r  i o n .
To i n v e s t i g a t e  t h e s e  p o s s i b i l i t i e s  tw o s e r i e s  w e re  d e s ig n e d  to  
o b s e r v e  t h e  e f f e c t  o f  e q u i l i b r i u m  t im e ,  t h e  f i r s t  c o v e r i n g  w a t e r  r e g a i n  
0 .4 9  t o  7 * 4  a t  c o n t a c t  t i m e s  o f  50, 1 0 0 , 1 5 0  a n d  300 h o u r s  a n d  t h e  
s e c o n d  w ib h  r e g a i n  8 . 1  t o  24* 1  a t  192  a n d  4 0 0  h o u r s .  The r e s u l t s  o f  b o t h  
s e r i e s  a r e  show n a s  c u r v e  I  i n  F i g . 9 ( T a b le s  A7 a n d  A 8 ).
From  t h i s  g r a p h  i t  i s  o b v io u s  t h a t  t h e  s h a p e  o f  t h e  c u rv e  w as n o t  
i n f l u e n c e d  t o  a n y  e x t e n t  b y  t i m e s  i n  e x c e s s  o f  1 0 0  h o u r s  a n d  s i n c e  t h e  
c u r v e  o f  F i g . 8 h a d  b e e n  o b t a i n e d  a f t e r  $36 h o u r s  i t  w as c o n c lu d e d  t h a t  t h e  
s t e a d y  r i s e  i n  R o b s e r v e d  t h e r e  w as due t o  a  c h a n g e  i n  r e s i n  a f f i n i t y  
w i t h  v a r i a t i o n  i n  d e g r e e  o f  s w e l l i n g .  T he c u r v e  o f  F i g . 9 w as g e n e r a l l y  
lo w e r  i n  R th a n  t h a t  o f  F i g .  8 ,  due to  t h e  lo w e r  e q u i l i b r i u m  m olybdenum  
c o n c e n t r a t i o n  an d  h i g h e r  pH p r e v a i l i n g  i n  'th e  F i g .  9 t e s t s .
An i n t e r e s t i n g  e f f e c t  o f  i o n  s c r e e n i n g  w as show n i n  t h e  t e s t s  w i th  
tw o r e s i n s  c f  l o w e s t  w a te r  r e g a i n  i n  c u r v e  I ,  F i g ,  9? w h e re  t h e r e  w as a  
te n d e n c y  f o r  R t o  d ro p  w i t h  t im e  r a t h e r  t h a n  r i s e  a s  i n  t h e  b u l k  o f  t h e  
t e s t s .  T h is  d ro p  i n  R w as a t t r i b u t e d  t o  th e  f a c t  t h a t  v i r t u a l l y  none o f  
t h e  i o n s  i n  s o l u t i o n  w as c a p a b le  o f  p e n e t r a t i n g  t h e  r e s i n  b e a d  ( s i t e s  
u s e d  -  9 •& % )  a n d  t h a t  t h e  l a r g e  i o n s  h a v in g  c l o g g e d  t h e  s u r f a c e  p o r e s  h a d  
b r o k e n  dow n, p r o b a b ly  t o  t h e  s im p le  m o ly b d a te  w h ic h  w o u ld  n o t  n o r m a l ly  
e x i s t  a t  s u c h  lo w  pH . The i n i t i a l  R v a lu e  w o u ld  t h e n  b e  due t o  t h e
-9 0 -
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s o r p t i o n  n e a r  t h e  s u r f a o e  o f  t h e  l a r g e  i o n s  w i t h  a  s u b s e q u e n t  d ro p  i n
v a l u e  a s  th e  s im p le  i o n  p e n e t r a t e d  th e  r e s i n  a n d  o c c u p ie d  o t h e r w i s e  ;
i n a c c e s s i b l e  c h l o r i d e  s i t e s .  T h a t  s u c h  a  pH d o e s  n o t  f a v o u r  t h e  e x i s t e n c e  
2 -
o f .  MoO^ i s  show n b y  t h e  s m a l l  i n c r e a s e  i n  s i t e s  o c c u p ie d  w i t h  t im e  
(9 * 6  -  l 6 . 2 $ ) .  F o r  m o s t o f  th e  t e s t s ,  .on th e  o t h e r  h a n d ,  t h e  r e s i n  w as 
p o r o u s  e n o u g h  t o  a d m it  a t  l e a s t  o n e  o f  t h e  s p e c i e s  e x i s t i n g  i n  e x t e r n a l  
s o l u t i o n .  T hus t h e  s m a l l e s t  i o n  w as s o r b e d  f i r s t  a n d  th e  a v e r a g e  R 
g r a d u a l l y  i n o r e a s e d  w i t h  t im e  a s  t h e  l a r g e r  i o n s  p e n e t r a t e d  t h e  o u t e r  
s p h e r e  o f  t h e  r e s i n  b e a d s .  The s h a r p  r i s e  to . » e a r  1 0 0 ^  s i t e s  o c c u p ie d  
i n  t h e  t h i r d  t e s t  w as  c o n s i d e r e d  e v id e n c e  f o r  th e  i n i t i a l  f r e e  e n t r y  o f  o n e  
o f  t h e s e  s t a b l e  s p e c i e s  i n  s o l u t i o n .  R a t  t h i s  s t a g e  w as c a . 2 .  I n  a l l  
t h e  t e s t s ,  h o w e v e r , t h e  f i n a l  pH w as lo w e r  th a n  t h e  p r e - c o n t a c t  v a l u e  
i n d i c a t i n g  a  o e r t a i n  d e g r e e  o f  d e c o n d e n s a t io n  th r o u g h o u t ,  t h e  c h a n g e  
b e i n g  l e a s t  f o r  t h e  m o s t p o r o u s  r e s i n s .
' To g a t h e r  f u r t h e r  i n f o r m a t i o n  r e g a r d i n g  t h i s  d i s p l a c e m e n t  o f  e q u i l i ­
b r iu m  b y  t h e  r e s i n  a n  R a g a i n s t  w a te r  r e g a i n  s e r i e s  w as c a r r i e d  o u t  w i t h  
r e s i n s  up  to  7 * ^  w a t e r  r e g a i n  on  a  s y s te m  d e f i c i e n t  i n  m olybdenum ,
K now ing t h e  a p p r o x im a te  R v a l u e s  f ro m  t h e  p r e v i o u s  t e s t  t h e  v o lu m e s  o f  _  . 
m o ly b d ic  a c i d  an d  r e s i n  w e i g h t s  w e re  a d j u s t e d  so  t h a t  t h e s e  R v a l u e s  c o u l d  
n o t  b e  a c h i e v e d  f ro m  t h e  t o t a l  m olybdenum  c o n t e n t  o f  e a c h  t e s t .  T h e 1 
e q u i l i b r i u m  t im e  a l lo w e d  w as 336  h o u r s ,  w h ic h ,  a c c o r d in g  t o  t h e  p r e v i o u s  
t e s t s ,  w as m ore t h a n  a d e q u a t e .
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TABLE 8wwrnT.’— — — i
30  m l, 0 ,14-9  M i n  Mo m o ly b d ic  a c i d  -  pH 1 ,6 4 *  
0 ,7 5  t o  5*0  g ,  d r y  C l fo rm  r e s i n .
I
W a te r  r e g a i n R e s in  c a p a c i t y  
m e q . / s .
F i n a l  Mo 
c o n c .  M
$  r e s i n  s i t e s  
o o c u p ie d
F i n a l  pH R
0 .4 9 3 .3 3 0.090 9 .3 1 .4 1 1 .9 0
1 .1 2 3 * 6 6 0 .0 0 1 41 1 .2 1 1 .9 8
1 .5 0 4 .1 3 0 .0 0 1 86 1 .2 3 2 .1 0
2 .0 0 3 . 6 4 0 .0 0 2 100 1 .3 3 2.76
2 .8 0 3 .6 6 0 .0 0 2 99 1 .3 1 2.60
3 .3 0 • 3 .6 9 0 .0 0 2 97 1 .3 6 2 .7 7
4 . 4 3 .6 8 0 .0 0 2 96 1 .3 3 2 .6 1
3 .6 3 .9 0 0 .0 0 2 97 1 .3 2 2.61  |
6 . 2 3 .6 5 0 .0 0 2 96 1 .3 3 2 .7 7  |
7 . 4 4 .2 4 0 .0 0 2 95 1.29
j
2.46 !
The r e s u l t s  show n a b o v e  i n  T a b le  8  a r e  a l s o  p l o t t e d  ( a s  c u r v e  I I )  i n  
F i g . 9 .  T he s t r i k i n g  d ro p  i n  R v a l u e  f ro m  o a .  4 . 3  t o  2 . 7 ,  w h i le  t h e  r e s i n  
s i t e s  o c c u p ie d  r e m a in e d  c l o s e  t o  1 0 0 $ , i s  c l e a r  e v id e n c e  t h a t  i n  s y s te m s  
d e f i c i e n t  i n  m o ly bdenum , t h e  i o n i c  a t t r a c t i o n  e x i s t i n g  b e tw e e n  a n y  c o n ­
d e n s e d  m o ly b d a te  a n d  a  r e s i n  s i t e  i s  s t r o n g  en o u g h  to  b r e a k  a n  Mo -  0 -  Mo 
l i n k ,  t h e r e b y  i n c r e a s i n g  th e  c h a r g e  p e r  m olybdenum  atom  ( —) a n d  t h e  t o t a l  
n u m b er o f  i o n s ,  so  t h a t  a l l  r e s i n  s i t e s  may be o c c u p ie d  b y  some f o rm  o f
m o ly b & a te . S u c h  a  d e c o n d e n s a t io n  w as a l s o  i n d i c a t e d  b y  a  c o n s i d e r a b l e  
d ro p  i n  pH, i n  t h i s  c a s e  f ro m  1 ,6 4  t o  c a ,  1 .3 3 *  w h i l e  t h e  f a c t  t h a t  R 
v a r i e d  i n v e r s e l y  w i t h  r e s i n  c a p a c i t y  i n  th e  " p l a t e a u "  r e g i o n  i s  f u r t h e r  
e v id e n c e  o f  t h e  u p s e t  e q u i l i b r i u m ,  sh o w in g  t h a t  w h e re  t h e r e  w e re  m ore s i t e s  
t o  b e  f i l l e d  f ro m  t h e  sam e q u a n t i t y  o f  m olybdenum ^ t h e  b re a k d o w n  w as  g r e a t e r .
S u f f i c i e n t  k n o w le d g e  o f  t h e  s y s te m  h a d  now b e e n  g a i n e d  t o  c a r r y  
o u t  R v a l u e  t e s t s  o v e r  t h e  a c i d  pH r a n g e  w i t h  a  m inimum o f  i n t e r f e r e n c e  
f ro m  t h e  r e s i n ,  /T he m a in  r e q u i r e m e n t s  ? /e re  t h a t  t h e  r e s i n  s h o u ld  b e  
p o r o u s  e n o u g h  t o  a d m it  a l l  s p e c i e s  w i t h  minimum s e l e c t i v i t y  a n d  a l s o  t h a t  
t h e r e  s h o u ld  b e  a n  a d e q u a te  e x c e s s  o f  m olybdenum  i n  e a c h  t e s t  a t  e q u i l i ­
b r iu m  a b o v e  t h a t  r e q u i r e d  t o  s a t u r a t e  t h e  r e s i n .  To m e e t t h e  f i r s t  
o f  t h e s e  r e q u i r e m e n t s  tw o l a r g e  b a t c h e s  o f  r e s i n  w e re  p r e p a r e d  f o r  s u b s e ­
q u e n t  w o rk , o n e  o f  2 2 ,5  a n d  th e  o t h e r  o f  37# 0  w a te r  r e g a i n .  E x c e s s  
m olybdenum  a t  e q u i l i b r i u m  w as o f  c o u r s e  m e re ly  a  m a t t e r  o f  c a l c u l a t i o n  i n  
t h e  p r e p a r a t i o n  o f  t e s t s ,
3 * 3 - 2 ,  V a r i a t i o n  o f  R w i t h  e q u i l i b r i u m  pH an d  H/Mo r a t i o .
O b s e rv in g  t h e  a b o v e  c o n d i t i o n s  t h r e e  e x p e r i m e n t a l  s e r i e s  o v e r  t h e  
a c i d  pH r a n g e  w ere  c a r r i e d  o u t  w i t h  t h e  2 2 .5  w a t e r  r e g a i n  r e s i n s  F i g s ,  1 0 , 
1 1 ,  1 2 ,  T a b le s  A 9, A 10, A l l ,  I n  t h e  f i r s t  o f  t h e s e  t h e  e q u i l i b r i u m  
m olybdenum  c o n c e n t r a t i o n  v a r i e d  i n v e r s e l y  w i t h  R v a lu e  (m olybdenum  c o n t e n t  
a n d  r e s i n  w e ig h t  w e re  k e p t  c o n s t a n t ) ,  b u t  u s i n g  t h e  R v a l u e s  so  o b t a i n e d  t o  
c a l c u l a t e  t h e  a p p r o p r i a t e  r e s i n  w e i g h t s ,  a n  a t t e m p t  w as made i n  t h e  tw o
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W h ile  t h i s  w as n o t  e n t i r e l y  s u c c e s s f u l  i n  th e  lo w e r  c o n c e n t r a t i o n  t e s t  
( T a b le  A 1 0 ) , a  r e a s o n a b l y  s t e a d y  c o n c e n t r a t i o n  o f  0 .1 7  M w as a c h i e v e d  i n  
th e  o t h e r  ( T a b le  A l l ) f
O ver t h e  c o n c e n t r a t i o n  r a n g e  s t u d i e d  i t  c a n  b e  s e e n  f ro m  F i g s .  1 0 ,
11 a n d  12 t h a t  t h e r e - w a s  l i t t l e  v a r i a t i o n  i n  t h e  c o n d e n s e d  s p e c i e s  b e tw e e n  
pH 1 . 5  a n d  7* T h e re  w as a  r e m a r k a b le  d i f f e r e n c e  i n  s h a p e ,  h o w e v e r , b e tw e e n  
t h e s e  g r a p h s  an d  t h a t  o f  F i g . 4 ,  w h e re  a  r e s i n  o f  i n a d e q u a t e  p o r o s i t y  ( 0 . 7  
w a te r  r e g a i n )  w as u s e d .  The c u r v e s  f o l lo v /e d  t h e  sam e p a t h  i n i t i a l l y  i n ,  at 
s h a r p  r i s e  f ro m  th e  R = 0 . 5  p l a t e a u  t o  t h e  v i c i n i t y  o f  2 b u t  t h e r e a f t e r  
t h e  h i g h e r  w a t e r  r e g a i n  c u r v e s  d i v e r g e d ,  th e  d iv e r g e n c e  i n c r e a s i n g  w i t h  
d e c r e a s i n g  pH u n t i l  a  f u r t h e r  s h a r p  i n c r e a s e  i n  R g a v e  f i n a l  v a l u e s  o f  
o a .  4 . 7  t o  4 .9  d e p e n d in g  o n  t h e  m olybdenum  c o n c e n t r a t i o n .  T h i s  m ore th a n  
d o u b l in g  o f  t h e  m o s t a c i d  R v a l u e s  w as c o n c l u s i v e  p r o o f  t h a t ,  a s  s u s p e c t e d ,  
l a r g e r  i o n s  t h a n  th o s e  i n d i c a t e d  i n  F i g . 4  w e re  p r e s e n t  i n  t h e  a c i d  
m o ly b d a te  s o l u t i o n s .  T h i s  c o n c l u s i o n  was c o n f i r m e d  b y  th e  i n c r e a s e  t o  
n e a r  1 0 0 $  o f  r e s i n  s i t e s  o c c u p ie d  i n  th e  lo w e r  pH r a n g e .  The f a l l i n g  o f f  
i n  s i t e s  o o o u p ie d  i n  F i g . 4  w i t h  d e c r e a s i n g  pH w as t h e r e f o r e  due  t o  t h e  
d im in i s h in g  c o n c e n t r a t i o n  o f  t h e  f i r s t  c o n d e n s e d  s p e c i e s  t o g e t h e r  w i t h  
t h e  i n a b i l i t y  o f  l a r g e r  i o n s  t o  g a i n  a c c e s s  t o  th e  a c t i v e  g r o u p s .  I n  
F i g . 1 2  w h e re  a  h i g h e r  m olybdenum  c o n c e n t r a t i o n  p r e v a i l e d  t h e r e  w as a  d ip  
i n  t h e  s i t e s  o c c u p ie d  c u r v e  w h ic h  r e a c h e d  a  m inim um  a t  c a .  pH 2 .5  b e f o r e
following series to keep the final molybdenum concentration constant*
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r e t u r n i n g  t o  n e a r  1 0 0 $ , I t  h a s  a l r e a d y  b e e n  r e c o r d e d  t h a t  i n s t a b i l i t y ,  
a s  e v id e n c e d  b y  p r e c i p i t a t i o n ,  w as g r e a t e s t  i n  th o s e  s o l u t i o n s  c o n t a i n i n g  
c a t i o n s  o t h e r  t h a n  h y d ro g e n  (N a*  o r  NH^+ ) i n  t h e  r a n g e  pH 2 -  4*. As t h i s  
p r e c i p i t a t i o n  o c c u r r e d  m o re  r e a d i l y  a t  h i g h e r  m olybdenum  c o n c e n t r a t i o n ,  i t  
w as  a ssu m ed  t h a t  i n  F i g , 1 2  s u c h  a  c o n c e n t r a t i o n  h a d  b e e n  e x c e e d e d  w i t h i n  
t h e  r e s i n  a t  o a .  pH 2 ,5 ?  c a u s i n g  p r e c i p i t a t i o n  s u f f i c i e n t  t o  c l o g  t h e  
o u t e r  l a y e r s  o f  t h e  b e a d s  a n d  t h e r e b y  p r e v e n t i n g  a c c e s s  t o  th e  in n e r m o s t  
s i t e s  ( R e s in  c o n c e n t r a t i o n  i s  o f  t h e  o r d e r  o f  d r y  a n d  p r o b a b ly  c a ,  0 .8 N  
w e t  u n d e r  t h e s e  c o n d i t i o n s ) .  As th e  c o n c e n t r a t i o n  o f  Na+ o r  HH^4* d ro p p e d  
to w a rd s  a e r o  i n  t h e  p u re  m o ly b d ic  a c i d  ( l o w e s t  pH t e s t s ) ,  t h e  s t a b i l i t y  
o f  t h e  r e s i n  s o l u t i o n  i n c r e a s e d  a n d  o n ce  a g a i n  t h e  l a r g e  a n io n s  w ere  a b l e  
t o  u t i l i s e  t h e  w h o le  r e s i n  c a p a c i t y .  P u re  m o ly b d ic  a c i d  s o l u t i o n s ,  
w h e th e r  o r  n o t  i n  c o n t a c t  w i t h  r e s i n ,  w e re  s t a b l e  i n d e f i n i t e l y .
H a v in g  b o t h  t h e  c o m p le te  R v a l u e  a n d  pH t i t r a t i o n  c u r v e s  f o r  m o ly b d io  
a c i d  i t  w as now p o s s i b l e  t o  co m p are  t h e s e  g r a p h i c a l l y ,  a t  s i m i l a r  c o n c e n t r a ­
t i o n ,  b y  p l o t t i n g  th e m  o n  th e  same pH a b o i s s a .  S u ch  a  c o m p a r is o n  i s  
show n i n . F i g .  13  w here- R v a lu e  a n d  pH t i t r a t i o n  c u r v e s  f o r  a  c a .  0 .1 8  M 
m olybdenum  s y s te m  a r e  sh o w n . *
I t  i s  o b v io u s  f ro m  t h i s  f i g u r e  t h a t  m o s t o f  th e  h y d ro g e n  u s e d  i n  
fo rm in g  t h e  c o m p le x  a c i d  w as co n su m ed  i n  th e  i n i t i a l  c o n d e n s a t i o n  a n d , 
f ro m  t h e  p o s i t i o n  o f  t h i s  b u f f e r e d  r e g i o n  o f  t h e  pH t i t r a t i o n  i n  r e l a t i o n  
t o  t h e  R v a l u e  g r a p h ,  i t  s e e m e d  t h a t  t h e  p r e d o m in a n t  s p e c i e s  h e r e  h a d  an  R
FIGURE 13.
R value and eg.H V g.atom  Mo related by the 
common pH abcissa.
(R ef. Tables A 3 .A 4 ,A l l )
R
pH
2*0 HVg.atom Mo
1*0
v a l u e  c l o s e  t o  2 .  On c o m p le t io n  o f  t h i s  f i r s t  c o n d e n s a t io n ,  R show ed  a  
g r a d u a l  r i s e  w i t h  t h e  f i r s t  a p p e a r a n c e  o f  new  i o n s  u n t i l  t h e  pH c u r v e  
r e a c h e d  t h e  r e g i o n  b e y o n d  t h e  1 * 5  eq .H +/ g ,  a to m  Mo i n f l e c t i o n ,  a f t e r  w h ic h  
R r o s e  s h a r p l y  to v /a rd s  a  f i n a l  v a l u e  j u s t  b e lo w  5 .
.A lth o u g h  th e  p l o t  o f  R a g a i n s t  pH w as a  u s e f u l  r e l a t i o n s h i p  t o  g iv e  
t h e  a p p r o x im a te  p r e d o m in a n c e  o f  i o n s  a t  a n y  g iv e n  e q u i l i b r i u m  pH, i t  w as 
o f  l i m i t e d  v a lu e  a s  s u c h  i n  e l u c i d a t i n g  t h e  s e q u e n o e  o f  c o n d e n s a t i o n s ,  . t h e
f i r s t  i n  p a r t i c u l a r ,  a s  a d d i t i o n  o f  m ore t h a n  5 0 ^  o f  t h e  h y d ro g e n  i o n
. .  2 -  ’ ' 
r e q u i r e d  f o r  c o m p le te  c o n v e r s i o n  o f  MoO^, i n t o  th e  c o m p le x  a c i d  h a d  p r o ­
d u c e d  a  c h a n g e  o f  b a r e l y  2 pH u n i t s .  To show  t h e  p r o g r e s s  o f  c o n d e n s a t io n  
m ore c l e a r l y ,  t h e  common pH s c a l e  o f  F i g , 13 w as u s e d  t o  p l o t  R v a lu e  a s  a  
f u n c t i o n  o f  e q .H  c o n su m ed  p e r  g .  a to m  o f  Mo. T h is  r e l a t i o n s h i p  i s
g r a p h e d  i n  F i g . l ^ a  w h e re  t h e  p r o g r e s s  o f  c o n d e n s a t io n  i s  show n m uch m ore 
c l e a r l y .  The v a l u e  o f  R = 2 im m e d ia te ly  b eco m es s i g n i f i c a n t  f o r  t h e
•|» 9
a s y m m e tr ic  c u r v e  i n f l e c t s  a t  t h i s  v a l u e  a f t e r  t h e  a d d i t i o n  o f  1 ,0  e q .H  /  
g ,  a to m  Mo, b e f o r e  t h e  f i n a l  r i s e  t o  n e a r  5*
3*3*3# The maximum R v a l u e .
I n  F i g s .  1 0 , 11  a n d  32  t h e  R v a l u e s  o b t a i n e d  f o r  p u r e  m o ly b d ic  a c i d  
( t h e  lo w e s t  pH p o i n t s )  v a r i e d  c o n s i d e r a b l y  a s  t h e  c o n c e n t r a t i o n  a n d  t h e r e ­
f o r e  pH o f  t h e  a c i d  c h a n g e d .  The s e n s i t i v i t y  o f  R v a l u e  t o  s m a l l  c h a n g e s  
i n  pH i s  o b v io u s  f ro m  th e  s t e e p  g r a d i e n t  o f  t h e  c u r v e  i n  t h i s  r e g i o n  a n d  
t h i s ,  t o g e t h e r  w i t h  t h e  v a r i a t i o n  o f  R v a l u e  w i t h  c o n c e n t r a t i o n ,  i m p l i e d
-5 6 -
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t h a t  a  f i n a l  d e g r e e  o f  c o n d e n s a t io n  h a d  n o t  b e e n  a t t a i n e d *
tCo o b t a i n  t h e  maximum m e ta l  t o  c h a r g e  r a t i o  a n  R v  pH s e r i e s  o f  
t e s t s  w as p l a n n e d  w i t h  v e r y  h ig h  i n i t i a l  m olybdenum  c o n c e n t r a t i o n  ( c a * 0 .6 M ) . 
T h is  g a v e  a  lo w  i n i t i a l  pH o f  1 .2 0  a n d  a l s o  a l lo w e d  an  e i g h t f o l d  i n c r e a s e  
i n  t h e  w e ig h t  o f  r e s i n  u s e d  w h ic h  r e s u l t e d  i n  c o n s i d e r a b l y  im p ro v e d  
a c c u r a c y  f o r  t h e  c h l o r i d e  r e l e a s e d  a n a l y s i s *  The r a n g e  o f  pH w as  e x te n d e d  
t o  lo w e r  v a l u e s  b y  t h e  a d d i t i o n  o f  h y d r o c h l o r i c  a c i d  s o l u t i o n  t o  p ro v e  
t h a t  a  maximum h a d  b e e n  r e a c h e d  w i t h  r e s p e c t  t o  e x c e s s  h y d r o g e n .  The 
r e s u l t s  a r e  g iv e n  i n  T a b le  9*
TABLE 9
100  m l, m o ly b d io  a c id /H C l  s o l u t i o n ,  0 .5 9 7  -  0* 6 0 5  M i n  Mo. 
2 g* 22*5 w a t e r  r e g a i n  C l fo rm  r e s i n .
16 d a y s  e q u i l i b r i u m  t i m e .
F i n a l  Mo 
c o n c .  M
fo r e s i n  s i t e s  
o c c u p ie d
-
I n i t i a l  pH F i n a l  pH e q .H /g *  a t  Mo
1-i.w
R
__
0 .1 9 7 10 0 1 * 2 0 1 .1 0
.. , .......... -
2 .0 0 * 5 .0 2
0 .1 9 5 100 1 .1 0 1 .0 5 2 .0 5 5 .0 3
0.192 100 1 .0 3 0 .9 5 2 .1 0 5 .0 1
0 .1 9 2 1 0 0 0 .9 2 0 .8 2 2 .1 9 4 .9 7
0 .1 9 6 100 0 .8 1 0 .7 6 2 .2 9 4 .9 5
* P u re  m o ly b d io  a c i d  w i t h o u t  a d d i t i o n a l  HC1.
FIGURES 14 a &b
Variation of R  with ecj_. HVc^a+om  Mo
0  , q ec^.QH Vg.oforn Mo 2*0
2*0 ec^. H V g  atom Mo 0
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A parallel series using the same concentrated acid but with 
sufficient resin to double the final molybdenum concentration was also 
undertaken* It was hoped, by comparison of R values obtained from this 
and the previous test, to prove that the maximum R value was independent 
of molybdenum concentration as well as excess hydrogen ion* Table 10 shows 
the results of this test*
TABLE 10
^ 100 ml, molybdic, acid/ftCl solution. 0.597 “* 0,605 M in Mo,
1 g. 22.5 water regain Cl form resin,
16 days equilibrium time.
Final Mo 
conc. M
fo resin sites 
occupied
Initial pH Final pH eq.H/g, at.Mo R
0.403 100 1.20 1.17 2.00* . 5.02
0.400 100 1.10 1.07 2.05 5.09
0.399 100 1,03 0.93 2.10 5.09
0,396 100 0.92 0.88 2,19 5.07
0.393 100 0.81 0.79 2.29 5.07
* pure molybdic acid without additional HC1*
In these two experimental series the significance of R as 5 implied 
by the shape of the R against graph was established. This was a
maximum value, proved by doubling the molybdenum concentration and in- 
creasing the eq.H /g, atom Mo from 2,0 to 2.29iand therefore it was taken 
to indicate the exclusive sorption under such conditions, of a molybdate
Having obtained this maximum R value in molybdenum solutions of 
0.2 M concentration and greater it seemed logical to examine more closely 
the effect on R of excess hydrogen ions in solutions of lower molybdenum 
content. Starting again from pure molybdic acid at various concentrations 
hydrogen ions, in exoess of 2.0 eq./ g. atom Mo, were added as hydrochlorio 
acid to extend H+/Mo to more than 4 in some cases. Fig. 14b which is an 
extension of the H+/Mo abcissa of Fig, 14a is a graphical representation 
of the results listed in Tables 9 , 10, and A12 -15#
From these results further proof of a maximum value of R =: 5 is 
apparent and, as might be expected, this value could be attained by in­
creasing either the molybdenum concentration or the hydrogen to molybdenum 
ratio of the system, A minimum molybdenum concentration was indicated, 
however, below which no exoess of hydrogen brought about the exclusive 
sorption of the R = 5 ion. From Fig. 14b this limiting concentration
is of the order of 0,05 M, Such a limiting concentration was not unex-
•' 23 ' ' . ',pexted as Carpeni had shown that below 0,0003 M, molybdenum exists as
the simple molybdate over the entire acid range,
3.3.4. Molybdenum species at high hydrochloric acid and nitric acid 
concentrations.
Because the R values had shown a deorease from the maximum at the 
highest acidities (Fig. 14b), another series of tests was performed in
ion of R value 5.
- 1 0 0
which large excesses of hydrogen as hydrochloric acid were added to give
H*/Mo ratios varying from 4.72 to 16,1. The results are shown below in
Table 11.
TABLE 11 ;
100 ml. 0.4 M molybdic acid - 11 M HC1.
0,5 g. 22.5 water regain 01 form resin.
60 days equilibrium time.
J?inal Mo 
conc. M
eq.H/g.atom Mo HC1 at equil. 
M
iApprox. R
0.123 4.7 0.59 4.59
0.143 6.3 0.89 . 4.37
0.153 7*B 1.16 4.60
0.165 11.7 1.72 - *5«
I 0.158j 1 6 .1 2,35 — *
*C1 sorbed by Cl form resin,
At the very high acidities encountered in these tests a decrease 
in the uptake of condensed anions was apparent from the fall in molybdenum 
absorbed per equivalent of resin capacity but R did not drop below 4 at the 
molybdenum concentrations employed. These R values could not be deter­
mined with any degree of accuracy due to the adverse effect on 
the estimation* by difference* of the chloride released, resulting 
from the large excess of chloride in the system. In the two highest
- 1 0 1 -
acidity tests of Table 11, chloride instead of being released was aotually 
sorbed by the chloride form resin, thus indicating the presence of a chloride
' J . 9containing anion in solution. Such anions with a composition■ Mo'OgCl ;
( (TC
(where n = 3 or 4) had been suggested by Kraus, Nelson and Moore as 
possible ions in 0,5 to 5 M HCX, The presence of cationic molybdenum 
was demonstrated under the conditions of the first three tests where, by 
use of a cation exchanger in the hydrogen form, the uptake of 1 ,23, 1*03 
and 0,70 mg. at Mo/g, resin respectively was obtained. This was in agree­
ment with general opinion in the literature (1,1.) where oxy cations, of Mo 
are proposed as the intermediate step between oxy anions and anionic 
complexes containing the mineral acid ligand. Unfortunately, the large 
excess of hydrochloric acid in both the anionic and oationic tests caused un- 
favourable competition between Mo containing species and H or Cl , 
thereby accentuating the already inaccurate analysis and so it was not . 
possible to attempt an interpretation of results in anything but the 
qualitative manner adopted above, *
Nitrate was substituted for chloride in some experimental series 
to reveal differences, if any, existing between systems containing this 
ion as against systems containing chloride. The resin was used in the 
nitrate form and was from the same batoh as the chloride form resin 
used above.
- 1 0 2 '
TABLE 12
100 ml, molybdic acid/nitric acid 0,12 - 0.21 M in Mo 
0,5 g. 22.5 water regain N0^ form resin.
14 days equilibrium time
Pinal Mo 
oono. M
eq. H/g.atom 
Mo
•HNC4 at equilib.
; ; M
Approx. R
0.113 2.00 0.02 4.6l
0.110 2.14 0*05 5.09
0.111 2.33 0.09 4.76
0.111 2.65 0,15 4.61
0.115 3.26 0.28 4.59
0.041 2.00 0.02 4.60
0.049 3.96 0.28 4.40
0.068 6.00 0.53 3.30
0.084 8,00 0.79 2.80
0.093 10.3 1*04 2,50
0.113 14.6 1-57 0.60
0.118 19.2 2.05 -
Within the accuracy limits of the nitrate estimation it seemed that 
there was little difference between chloride and nitrate up to ca. 4 eq./H 
g.atom Mo, Again an R value of 5 was being approached for pure molybdio 
acid and this was attained at 2.14 eq.H/g, atom Mo in 0,110 M molybdenum 
solution. As R s 5 was not reached in the dilute solution it was assumed 
that*as in the previous chloride containing tests* there was a limiting 
concentration* in this case between 0.04 and 0,11 M, below which the
Again there was evidence of cation sorption on cation exchangers in 
tests above 2.0 eq.H / g.atom Mo but because of the high H competition 
the uptake was too small to be conclusive.
The general system of ion formation in molybdate solutions suggested
50 -by Babko and Nabivanets was supported by this work. These authors
suggested that the nature of the mineral acid is only important at acidities 
greater than pH 1.1 and that in 0.02 to 0,2 M HC1 solution molybdenyl cations 
are formed with the anionic oxy species co-existing but in decreasing pro­
portion. On increasing the acidity beyond 1.72 M in HC1 the appearance of 
chloride containing anions suggested by these workers and Kraus, Nelson and 
Moore was confirmed in this work by the sorption of chloride on chloride 
form resins, Babko and Nabivanets in the same paper but dealing with 
solutions containing nitric acid proposed that the progressive acidification
i
of such solutions caused the formation of molybdenyl cations only on break­
down of the oxy anion species. The steady fall in R values recorded in 
Table 12, together with the faot that no nitrate sorption on the nitrate 
form resin was observed, is in agreement with such a proposition,
3*3.5. Confirmation of R values using the columnar technique.
For further proof of the existence in acid solutions of only two. 
major condensed species (ions of E. = 2 and 5) this technique, which relies 
on establishment of a dynamic equilibrium was employed. It had a number 
of advantages, for example the final molybdenum concentration and pH of the
maximum condensation could not occur.
aqueous phase were readily controlled being that of the influent solution 
and also the dynamic approach to equilibrium as discussed earlier (2,3*)> 
allowed removal of all foreign anions from the system thereby presenting 
an opportunity to verify the assumption that other simple anions had 
little effect on the molybdate system at least down to the pH of pure 
molybdic acid. One disadvantage of the technique, however, was that the 
resin rather than the external solution had to be analysed which meant that 
after separation of resin and solution the resin had to be freed from the 
solution in contact with prior to analysis. Although this implies a 
displacement of equilibrium on washing the upset was not necessarily great, 
while from observations made during washing, a conclusive proof of the 
existence of an ion of R =* 2 was later derived.
In the first of these columnar tests the resin was saturated with 
pure molybdic acid to reaffirm the maximum R value for such solutions. 
Sorption was carried out extremely slowly (by low flow rate) so that overall 
oontaot times were of the order of those set up in the batch equilibrium 
experiments. This required the molybdic acid to be passed through the resin 
columns for some days after the effluents gave negative chloride tests.
After this time the columns were drained and after attaching their outlets 
to a water pump molybdic acid remaining in the resin voids was displaced 
rapidly with a small volume of water.
The speoies sorbed on the resin were then eluted downwards with an
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excess of alkaline sodium nitrate and the effluent analysed for molybdenum 
and chloride. Having ascertained that equilibrium had been attained, by 
absence of chloride in this eluate, R was calculated by dividing the total 
molybdenum found by the known chloride capaoity of that weight of resin. 
Results of two such tests are given in Table 13.
TABLE 13
Data Column 1 Column 2
Resin 
V/eight 
Water regain 
Form 
Capaoity
0.5 g.
37
Cl
1.90 meq/o.5 g*
0.5 g.
22.5
Cl
2,06 meq,/0.5 g.
Influent molybdio aoid 
Concentration 
pH
Flow rate
0,150 M in Mo 
1.60 
< 0.025 ml./min.
0.151 M in Mo 
1.54
2000 ml. in 48 hr, 
then 0.07 ml./min.
Effluent molybdio acid 
pH
Chloride
1,58 after 312 hr. 
Nil
1,58 after 120 hr. 
Nil
Length of run 312 hr. 120 hr.
Wash 100 ml.HgO (rapidly) 25 ml.H^O (rapidly)
Eluent 100 ml.2M NaNO, 
1 M in NaOH ^
100 ml.2M NaNO* 
1 M in NaOH ^
Eluate analysis 
Total molybdenum 
Chloride
9,63 mg.atom 
Nil
9*97 mg.atom 
trace
R value -  5 07
1.90 ^ ' 2ii2 - ¿^8527.06
The two R values obtained by this method were in good agreement with 
those found by the batch technique with Column 2 giving a slightly lower R 
than Column 1, perhaps due to the small amount of chloride left on the -resin 
indicating incomplete equilibrium after 120 hours.
In the px’eliminary experimental work prior to carrying out the above 
tests, It had been noticed that on prolonged cashing of resin saturated with 
molybdic acid, more molybdenum war found in the wash water than could be 
accounted for as interstitial molybdic acid. Moreover the volume of wash 
was much greater than that required to remove a simple anion from a similar 
quantity of resin. The reason was apparent on reference to the R against pH 
graphs of Figs. 10, 11 and 12 from which it will be seen that a large ion 
of R = 5 would hydrolyse rapidly in accordance with the steep drop in R be­
tween pH 1,5 and 3.0, Furthermore, the graphs indicated that the inter­
mediate ion of R ~ 2 would be stable at least up to pH 5»5. Therefore it 
seemed feasible to saturate a quantity of resin with molybdic acid using the 
columnar method and then to wash this with veiy dilute acid (pH ca. 5.5) 
until the larger ion had broken down completely to give the intermediate 
species before stripping and analysing,the resin for R determination. In
fact the ultimate breakdown of the intermediate ion was so slow, due to the 
i * -f Iextremely small \ H [ represented by pH 5.5> that it proved possible to use
pure water rather than dilute acid for the hydrolysis as the slightest de-
+condensation of condensed molybdate provided sufficient H to maintain the 
pH well below 5.5. - •
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0f the five columnar tests recorded in Table 14> No.l represents 
proof of the above deduction and No,2-5 carried out subsequently trace the 
course of hydrolysis. These results are also shown graphically in Fig,15.
TABLE 14 (Ref. Fig.15)
Sorption:
Data Column 1 Column 2 Column 3 Column if Column 5
Resin;
Weight (g,) 0.500 0,500 0.500 0.500
. t
0.500 ' 1
Water regain 22.5 22.5 - 22,5 ; 22.5 22.5 !
Form Cl Cl Cl Cl Cl ; ;
Capacity
(meq.Cl/g,) 2.19* 2,06 2.0o 2,06
i
2.06 I. • )
Influent molybdio 
acid:
Mo con; (m ) 0,150 0.151 0,151 0.151
1
ii
0.151 . ■ Î
pH 1.60 1.54 1.54 1.54 1.54 ;
Flow rate(ml/min) <(0.025 0.7 Œ l . y/min, for 48 hr., then 0,035 ml./min~vr
I • • -
Effluent:
pH 1 1.58 1,54 1.54 1.54
»
1.54 -1
Cl Nil Nil Nil Nil Nil
* s
Length of 'run(hr.) 336 624 624 624
)
624 -
*Drier batch of same resin as that used in cols, 2 5 .
Hydrolysis :
Hp0 - Influent: i
Volume(ml.) 2000 25O 500 1000 2000
•flow rate (ml/miri \ ' ■ 1) 5-10 0.33 0.33 0.33 0.33 •1
I Efflue nt analysi;î:
PH - 2 ,11 2.40 2,68 2.9 6 -
! Mo released
| , (g.atom) - 5.40 5.49 5.79 ■’ 6 ,14 '
1 CI .i Nil Nil Nil Nil
t^eaay.n — m.. nm—wX
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TABLE 14 (Contd.)
Elutions
Data Column 1
•
Column 2 'Column 3
;
Column 4 J Column 5
Eluent;
Vol.2M NaNO*
I M in NaOHynl*)
100 200 200 200 200.
H^O wash (ml,) 150 30 30 50 50
Analysis of
eluate and wash 
Mo (mg,atom)
Cl
4.36
Nil
4*49
Nil
4*34
Nil
4.05
Nil
4.01
Nil
E 4.36=1,99
2.19
4.49=2,18
2.0(3
4.34=2.11 
27o6
4.05=1.97 4.01=1.95 
2706 j 2T0S
Summation of molybdenum released during hydrolysis and that found 
on the resin finally gives the total molybdenum sorbed on each column 
originally. This figures divided by the'chloride capacity for columns 
2 - 5  gave values of 4*8, 4*77, 4*78 and 4*89 respectively for the 
approximate E value of the species originally present in the molybdenum 
saturated resin. It should be noted that the columns were given a small 
water wash (5 - 10 ml,) prior to the main hydrolysis step and if this is 
taken into account by extrapolation of the steep slope of Fig,15, it will
. - j
be seen that the maximum E value of 5 on the completely unhydrolysed
resin is clearly indioated, j
-109-
This steep fall in R levelling out at 2,0 as shown in Fig,15 pro­
vided conclusive evidence for the R » 2 ion as an intermediate between 
the simple molybdate, R = 0,5, and the most condensed ion R = 5* Further­
more there was no obvious discontinuity in the curve as R decreased that 
might suggest other stable ions between R » 2 and R « 5* confirmation
of this, the course of hydrolysis was followed more closely with the aid 
of an automatic fraction cutter, fractions of the hydrolysis effluent 
being analysed to deteot any discontinuities in pH or molybdenum concen­
tration. The first of these tests was carried out on one' of the columns * 
of Table 14 after resaturation of the resin with the R = 5 ion from pure 
molybdic acid. The procedure was the same as that adopted before except 
that the hydrolysis effluent was separated into fifty 12,5 g. fractions 
covering the steep section of the curve between R = 5 and R = 2, .After
pH and molybdenum analysis the results were plotted - Fig, 16, Table Al6, 
The uniformity of the curves in Fig,l6 again suggested that there 
was no intermediate ion between R = 2 and 5. There was, however, a small 
discontinuity at approximately 50 ral.H^ O/g. resin and although this was 
attributed to experimental error a check fractionation was run over the 
first 200 ml H^O/g. resin using a larger column (resin weight increased 
by a factor of 10 from 0.5 to 5,0 g., without preliminary displacement of
FIGURE 16.
Fractional analysis of effluent from 0-5g. resin during hydrolysis 
o f sorbed molybdate from R= 5-0to  R = 2 0  C Ref. Iqb le A I6 )
ml. H 20 /  g. re s in .
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the voids molybdic acid, so that this section of the curve might be 
inspected in greater detail* Fig*17, Table A17* shows that no such 
discontinuity existed apart from minor fluctuations resulting from 
the inevitable slight variation in flow rate. Displacement of the 
interstitial molybdic acid is clearly shown in the pH curve where an 
inflection between 10 and 30 ml.H^O/g. resin takes the pH from that of 
the molybdic acid used to the first readings arising exclusively from 
hydrolysis.
3.3*6. , Relative sise of the moljddates by ion screening.
In the course of finding a resin porosity suitable for the 
admission of all molybdate species (3*3*1*) it had been necessary to 
gather a large number of resins of various water regain. It was now 
hoped that by using as many of these resins as possible, identification 
of the individual molybdates by ion screening according to their ionic 
sizes might be possible. Evidence for the ion screening phenomenon had 
been provided in the earlier work, Figs* 8 and 9* but coverage of porosities 
had not been close enough to detect progressive admission of the ions 
with increase in water regain.
To cover the tighter porosities more closely, thirteen resins 
with water regains from 0,5 to 1*92 were selected and these were equili-» 
brated with 0*15 M molybdenum solutions of 1.1, 3*5, 4*75 and 6 pH over 
which range it was expected to find all the condensed forms in varying
- I l l -
resin at equilibrium are plotted against water regain in Fig.18, from 
Tables A18 - .421*
As screening tests the results were quite useless because of the 
erratic variation ofR with water regain. However, they demonstrated 
one extremely important point not fully appreciated hitherto. This is 
that water regain cannot be used as a porosity scale where resins of 
different cross-linkage types are being compared* Thus in Fig.38 all the 
higher points in the "saw tooth” region were due to the commercial strong 
base resin DeAcidite FF marketed by The Permutit Company Ltd., London, 
whereas all the lower points were experimentally prepared resins in which 
a different cross-linker, divinylbenzene, was used* For the same water 
regain, therefore, it could be said that the DoVoB* resin exhibited a 
lower porosity*
With this limitation in mind further experiments were carried out 
on pH 3,8 and 3*4 solutions using the available D0V«Bo resins exclusively 
to ensure, before manufacturing more of these, that good uniformity in 
relation to water regain could be expected. The results shown in Fig*19 
(Tables A22 and A23) proved that excellent uniformity was possible but 
apart from a slight discontinuity at R =* 2 and water regain ca. 1*0 the 
porosity scale was still too open to show soreening in detail. Obviously 
more resins were needed, particularly in the water regain range 0 to 3, so
prepondoranoe. R values determined for the molybdate species on each
FIGURE 18.
Variation of R with water regain for molybdate 
solutions of various pH,showing the effect 
of non unifo rm crossi inkage on resin porosity.
CRef. Tables A18-2I )
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these were prepared starting from the raw materials, styrene monomer, 
divinylbenzene, monochlorodimethyl ether and trimethylamine, according 
to the method described above ( 2 ,4.)*
Using the most uniform of these resins from water regain 0,18 to 
22,5* R values were determined for two molybdic acid solutions, pH 1.06 
(containing a little HC1 to bring R to a maximum) and pH 3.6« The 
results obtained are listed in Tables A2A and A25 respectively and R values 
are plotted against water regain in Fig,20, \
A definite ionic sieve effeat was revealed by the marked inflection 
at R =s 2 and water regain ca, 1,0 which supplied additional proof of the 
existence of an ion of this R value. Again there was no evidence in the 
form of other inflections or plateaux for the existence of species other 
than R a 2 and R = 3*
The flat on R ~ 3» in contrast with a slope in the vicinity of 3 
obtained earlier for pure molybdic acid (Figs, 8 and 9) was caused by 
addition of hydrochloric acid to the tests. This increased the H+/Mo 
ratio to the maximum R value region and in thus bringing about a large 
preponderance of the R = 5 ion prevented the less porous resins from 
exercising the preference for smaller ions which had caused the upward 
trend of R in Figs, 8 and 9* For the pH 3*6 solution R levelled off in 
accordance with the mixture of R = 2 and R 3 ions predicted by the 
R value against equilibrium pH graphs of Figs, 10, 11 and 12,
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From the position of the E » 2 inflection in relation to the final 
levelling out at E = 5 it seemed that the ion represented by the former 
value was a considerably smaller ion than the E ~ 5 ion ^nd if it were 
assumed that entry of the simple molybdate should be possible at a porosity 
only slightly greater than that required to admit water, it seemed that the 
E k 2 ion was closer in size to the simple molybdate than to the ion of 
E - 5.
For such comparisons it was desirable to have a reference ion of
know size which could be absorbed under similar conditions to the unknown
ions and preferably v/ith a generic similarity* These requirements were
ideally fulfilled by the best known of the heteropolymolybdates, the
12-molybdophosphate ion where structure has been well defined by Keggin 
88 89and others 9 , Furthermore, this ion is very stable in acid solution
and the acid formed by ion exchange was of comparable strength to the 
pure isopoly acid*
A series of ion screening tests was therefore undertaken with,a 
solution of 12-molybdophosphorio acid of pH 1,5 using a range of resins 
similar to that employed in the isopoly tests. The results of this ex­
periment are shown in Table A26 and the E values obtained plotted along 
with those of the isopolymolybdate tests in Fig,20.
A comparison of the low pH curves for iso- and heteropoly acids 
in Fig.20 indicates that the size of the ions is of the same order.
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Thus the 12 molybdophosphate is admitted by a resin of water regain
greater than 4, while the isopoly ion is admitted at water regain above
ca.5, Size comparisons such as this are not absolute, as the resin pore
size depends upon the degree of swelling (i.e. dilution of the resin •
solution) which vaides according to the ionic atmosphere in which the
resin finds itself. This hydration is analogous to the osmotic effect
between a strong and weak ionic solution separated by a semi-permeable
membrane, the membrane in this case being the resin structure and the
concentrated solution, the concentration of ions sorbed by the structure.
Thus the small variation in incidence of the R = 2 inflection from 0.9
water regain with the heteropoly acid to 1,1 in the case of the isopoly
acid may be accounted for by the more dilute external solution in the
heteropoly- tests (0,08 M against 0.11 - 0,20 M), A somewhat greater
correction, due to the increased elasticity of the resin structure at
higher water regain, would no doubt bring the point of entry of the
R ~ A heteropoly ion closer to that of the R = 5 isopoly ion,
A point of interest irrelevant to the main purpose of the work
lies in the R value of 4 shown by the 12-molybdophosphate ion on gaining
free access to the resin. If it is accepted that the ion contains
12 molybdenum atoms, then an R value of 4 shows that the acid is tri-
basic which agrees well with the completely dissociated ion of the
5^— 1 ?Ke-ggin formula P M o ^ O ^  (R = It is also interesting to note
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th&t the strong inflection in the R value curve of this heteropoly acid 
indicates a breakdown of the heteropoly ion to one of R - 2, Comparing 
the results obtained for the pH titration of 12-molybdophosphoric acid 
with those obtained for the isopoly acid Rig. 5 and 7 (3*2.), it can be 
seen that the two graphs have very similar shapes, differing only in the 
point of final neutralisation, due to the phosphorous atom in the hetero­
ion, This similarity is accounted for if the breakdown product of the 
heteropolymolybdate is an isopoly ion similar to that existing in the 
intermediate neutralisation stages of the isopoly acid and represented 
by the metal to charge ratio of 2, That there is an inflection at 
R bs 2 in the soreening tests for both the heteropoly and isopoly acids 
is strong evidence in support of such a degradation.
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TABLE A6
Progressive admission of large molybdate ions with increasing
n a m 1 i» 4 i ! 1 mtw* n—  1 ai.i' é r f A n aia h  ■ T » nfruiwiim w « «aB W w C K; ■ i — — q t m g a f r n MW  m»1*  inxmnæ  i, t w w w w M t t
100 ml 0,197 M in Mo molybdic acid (pH 1.58) per test.
0.500 g Cl form resin per test.
14 days equilibrium time.
Water regain fo resin sites occupied R
0.69 81 2.09
1 .1 2 73 2.10
1.50 100 3.48
1.9 2 100 3.36
2.0 99 4.03
2.8 loo 4.26
3.3 100 4.46
4.4 99 4.42
5.4 100 4.65
5.6 99 4.54
6.2 99 4.69
6.5 99 4.87
7.4 99 4.58
8.1 . 99 4.57
9.2 99 4.68
9.6 99 4.89
12.0 100 4.77
12.9 100 5.01
15.0 100 4,81
15 .7 100 5.03
17.1 100 5.01
17.4 100 4.87
18.5 100 4.98
19.1 100 4.84
20.3 100 5.02
20.7 100 5.10
21.2 100 5.01
22.9 100 5,11
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TABLB A7
Effeot of contact time on the variation of R with water 
regain (Ref.Pig.9)
100 ml 0.158 M molybdic acid (pH 1.78) per test. 
0.500 g. Cl form resin per test.
Water regain % resin sites occupied R
50 hours contact 0,49 9.6 2.28
1.12 39 2.16
1.5 83 2.68
2.0 97 3.24
2.8  100 3.57
3.3 99 3.94
4.4 100 3.75
5.6  100 4.15
6.2  100 4.29
7.4 100 . 4.10
100 hours contact 0.49 10 1.77
1.12 48 2.06
1.5 94 2.78
2.0 99 3.46
2.8 100 3.81
3.3 99 4.18
4.4 100 4.03
5 . 6  1 0 0  4 . 1 4
6.2 100 4.32
7.4 100 4.22
150 hours contact 0.49 13.3 2.27
1.12 59 2.15
1.50 99 2.95
2.0  100 3.60
2.8 100 3.93
3.3 100 4.23
4.4 100 4.25
5.6 100 4.22
6.2 100 4.37
7.4 100 4.21
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TABLE A7 (Contd.)
Water regain fa resin sites occupied R
300 hours contact 0.49 16 ,2 1.54
■ 1.12 69 2,08
1.50 100 3.28
2.0 100 3.78
2.8 100 3.99
3.3 99 4.23
4.4 100 4.20
5.6 100 4.27
6.2 100 4.38
7.4  100 4.21
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TABLB AS
Effect of contact time on the variation of R with water regain (Ref.Fig.9)
100 ml, 0.149 M in Mo molybdic acid (pH 1.64) pei test, :
0.650 g. Cl form resin per test.
Water regain % resin sites occupied R
192 hours contact 8.1 100 4.29
9.6 100 4.38
12.0 100 4 .5 1
12.9 100 4.49
15.0 100 4.53
15.7 100 4.58
1 7 .1 100 4.67
17.4 99 4.61
' 18 .5 100 4.67
19.1 95 4.65
20.3 100 4.74
21.2 100 4.72
22.5 100 4.60
22.9 100 4.85
24.1 100 4.88
400 hours contact 8.1 100 4.43
9.6 100 4.50
12.0  100 4.55
12.9 99 4.58
15 .0 100 - 4.65
15.7 100 4.64
17.1 100' 4.75
17.4 99 4.70
18.5 100 4.83
19.1 - 5.02
20.3 100 4.83
21.2 100 4.80
22.5 100 4.70
22.9 100 4.95
24.1 100 5.00
- 1 2 0 -
TKBLE A9
Variation of R with equilibrium pH (Ref. Rig, 10)
100 ml, 0.150 M in Mo molybdate solution per test. 
0.650 g. 22.5 water regain Cl form resin per test. 
15 days equilibrium time.
Initial pH Final pH Final Mo conc.
M
% resin sites 
occupied
R
I .60 1.54 0.035 100 4.67
1.98 2.09 0.048 100 4.12
2.50 2.68 0.082 99 2.77
5.0 1 3.31 0.087 100 2,54
3.51 3.78 0.089 99 2.51
4.01 4.37 0,091 99 2.39
4.49 4.92 0,095 99 2.25
4.99 5.32 0.097 99 2,16
5.50 5*66 0.100 98 2.05
6.01 6.13 0.106 98 1.83
6.51 6.77 0,137 92 0.57
6,96 6.95 0.138 92 0.50
7.49 7.41 0.138 92 0.51
8.00 7.99 0,138 93 0.51
- 1 2 1 '
TABLE ALO
100 ml. 0.193 M in Mo molybdate solution per test.
0.7 to 5.0 g. 22.5 water regain Cl form resin per test.
20 days equilibrium time.
Initial pH Pinal pH Pinal Mo oone. % resin sites ' R
M occupied
1.60 1.51 0.058 100 4.73
2.24 2.35 0.059 100 3.15
2.75 2.82 0.079 100 2.43
3.25 3.52 0.076 99 2.32
3.75 4.27 0.080 99 ' 2.24
4.24 4.98 0.082 99 - 2.12
4-. 74 5.31 0.079 ■ 98 2.05
5.26 5.59 0.084 98 1,97
5.75 6.01 0.084 97 ' 1.77
6.25 6.65 0.137 83 0.67
6.75 7.00 0.136 69 0.42
7.25 7.20 O .135 69 0.42
—1 2 2 —
TABLE All 
Variation of R with
150 ml, 0*193 M in Mo molyb&ate solution per test,
0.25 to 2.0 g, 22.5 water regain Cl form resin per test. 
l6 days equilibrium time.
Initial pH
1.72
2,25
2.75
3.24
3.75
4.25
4.75
5.25
5.75
6.25 
6.74 
7.24
Final pH
1.54
2.11
2 . 6 3
3 . 1 6
3.75
4 . 2 6  
4.85
5.26 
5.72 
6.27 
6.93 
6.99
Final Mo cono, 
M
0,164 
0.166 
0.175 
0 . 1 6 8  . 
0 . 1 6 8 .
0,l68
0.168
0 . 1 7 0
0.167
0 . 158,
0.166
0.174
% resin sites 
occupied
99
74
69
99
98
98
98
98
98
97
87
87
R
4.85
4.04
2.72
2.34
2.35 
2.25 
2.15
2.05 
2.00 
1.69 
0.46 
0,43
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TABLE A12
Variation of R with eq.H+/g. atom Mo (Ref.Fi^.14b)
100 ml. 0,165 M in Mo molybdic acid/HCl solution per test. 
0,800 g, 22.5 water regain Cl form resin per test.
18 days equilibrium time.
eq.H /g.atom Mo Final Mo oono.
M
R
2.43 0.022 4.70
2,64 0.023 4.68
2.89 0.026 4.60
3.35 0.033 4.31
4.44 0.051 4.06
TABLE j&13
Variation of R with eq»H*/g. atom Mo (Ref. Fig. 14b )
100 ml. 0,140 M in Mo molybdio aoid/HCl solution per test. 
0,500 g. 22,5 water regain Cl form resin per test 
22 days equilibrium time.
eq.H /g.atom Mo Pinal Mo cone, R
M
2.14 0.051 4.75
2.32 0.047 4.79
2.49 0.047 4.98
2.68 0.048 4.92
3.08 0.048 4.87
3.37 0.048 4.81
4.63 0.058 4.36
-124-
TABLE A14
Variation of R with eq.H /g. atom Mo (Ref. Pig.l4b)
100 ml. 0.151 M in Mo molybdic aoid/HCl solution per test. 
0.500 g. 22.5 water regain Cl form resin per test.
14 days equilibrium time.
eq,H+/g.atom Mo Pinal Mo oono. R
M
2.09 0.061 4.76
2.15 0.058 4.89
2.18 0.056 4.95
2.37 0.053 4.99
2.47 0.052 4.96
2.63 0.049 5.01
2.91 0.048 4.94
TABLE 415
Variation of R with eq.H /g. atom Mo (Ref. Pig.14b)
100 ml. 0.165 M in Mo molybdic aoid/HCl solution per test. 
0.25 g. 22.5 water regain Cl form resin per test.
57 days equilibrium time.
eq.H /g.atom Mo Pinal Mo 0011c. R
, M
2.43 0.119 4.97
2.64 0.118 4.98
2.89 0.117 5.10
3.35 0.117 5.06
4-44 0.118 4 .6 1
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TABLE ill 6
Fractional analysis of the effluent from 0.5 g» resin during 
hydrolysis of sorbed molybdate from R g 5 to R = 2 (Ref. Fig. 16)
Each fraction 12,5 g.
ml.HgO/g. resin pH Mo(M) ml.HgO/g. resin pH ' Mo (m )
13 1.77 0.076 638 2.67 . ■ —
38 1.95 0.037 663 2.71 -
63 1.94 0.036 688 2.75 0.00588 2.00 0.030 713 2.80 -  '
113 2.04 0,026 738 2.85 -
138 2.08 0,023 763 2.90 -
163 2.12 0.021 788 2.95 O.OO3188 2.15 0.020 813 3.00 ' mm
213 2.17 0,019 838 3.05
238 2.21 0,018 863 3.10
263 2.23 - 888 3.16 0.002
288 2.25 0.015 913 3.20 -
313 2.27 - 938 3.25 -
338 2.29 « 963 3.29 ' -368 2.32 988 3.34 0.001
388 2.34 0.012 1013 3.38 -
k ! 3 2.36 mm 1038 3.42 -■
438 2,40 - 1063 3.46
463 2.43 - 1088 3.51 0.001
488 2.46 - 1113 3.55 -
513 2.49 - 1138 3.57538 2.52 0.008 1163 3.62 ■ —
563 2.56 - 1188 3.65 0.001588 2.59 - 1213 3.67 mm
613 2,63 - 1238 3.68 *m*
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TABLE AL7 .
Fractional analysis of the first 200 ml/g. of. effluent during the
hydrolysis of 5 g.of resin saturated with molybdio acid (Ref.Fig.17)
Each fraction 12.5 g.
ml.H-O/g.resin pH Mo(M) ml.HgO/g.resin pH Mo(M)
1.3 1.44 0.205 101.3 1.95 0.034
3.8 1.44 0.206 103.8 -
6.3 1.46 0.205 106.3 1.96 0.031
8.8  1.44  0.196 108.8
11.3 1.50 - 111.3 1.98 0.030
13.8 1.52 0,144- 113 .8 -
16.3 1.56 - 116.3 1.99 0,028
18.8 1.61 0.106 118.8
21.3 1.66 - 121.3 2.00 0.029
23.8 1.70 0.084 123.8 -
26.3 1.75 - 126.3 2.02 0.029
28.8 ■ - . 128.8 2.05
31.3 1.78 0.075 131.3 - 0.030
33*8 1.78 - 133.8 2.03
36.3 1.80 0.066 136.3 - 0.029
38.8 1 .8 1 - 138.8 2.03
41.3 1.82 0.060 141.3 -
43.8 1.84 - 143.8 2.01
46.3 1.85 0.060 146.3 - 0.028
48.8 1.86 - 148.8 2.04
51.3 1.86 0.055 151.3 -
53.8 - - 153.8 2.04
56.3 1.88 0.052 156.3 -  0.028
58.8 - - 158.8 2.05 -
61.3 1.91 0.047 161.3 - 0.027
63.8 - - 163.8 2.05
66.3 1.91 0.046 166.3 - 0.028
68.8 - - 168.8 2.04
71.3 1.92 0.044 171.3 - 0.026
73.8 - - 173*8 2.06
76.3 1.93 0.043 176.3 - 0.026
78.8 - 178.8 2.06
81.3 1.90 0.042 181.3 - 0.026
83.8 - 183.8 2.07
86.3 1.91 0.038 186.3 - - 0.024
88.8 - - 188.8 2.09
91.3 1.93 0.036 191.3 - 0,023
93.8 - . - 193.8 2.10
96.3 1.94 0.035 196.3
98.8 - 198.8 2.09 ' -
-127-
■ TABLE ¿18
Variation of-R-with water regain for resins of 
different oross-linkage (Ref.Fi/^18^
100 ml* 0*150 M in Mo molybdate solution
1.000 g. Cl form resin per test*
28 days equilibrium time.
iter regain E Water regain E
0.50 1.7 2 1.00 1.78
0.53 1 .6 1 1 .12 1.68
0.61 I .60 1.35 1.78
0.67 1.28 1.50 1.77
0.74 . 1.74 1.87 1.85
0.83 1.42 1.92 1.80
0.90 1.74 Pinal pH 6,1
TABLE A19
Variations of R. with water regain for resins of 
different oross~linkage (Ref. Fig.18)
100 ml. 0.150 1 in Mo molybdate solution (pH ¿w76) 
0*750 g. Cl form resin per test.
28 days equilibrium time.
Water regain
0.50
0.53
0.61
0.67
0 . 7 4
0.83
0.90
a
1.90
1.68
1 .7 1  
1 . i \ i  
2 . 1 4  
1.52 
2.05
Water regain R
1.00 2.16
1.12 1.72
1.35 2.17
1.50 2.09
1.87 2.23
1.92 2.21
Final pH 5*1
per test.
per test.
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TABLB A2Q 
Variation of R with w ì in for resins of
different cross-linkage (Ref»Fig.18)
100 ml. 0*150 M in Mo molybdate solution (pH 3.50) per test,
0.730 g. Cl form resin for test.
28 days equilibrium time.
fcer regain R Water regain R
0.50 2.07 1.00 2.43
0.53 2.04 1,12 2.00
0.61 2.03 1.35 2.48
0.67 2.68 1.50 2.49
0.74 2.37 1.87 2.57
0.83 1.71' - ' 1.92 2.49
0.90 2.32 Final pPI 3.7
TABLE A21
Variation of R with water regain for resins of
different cross-I
100 ml, 0*150 M in Mo molybdate solution per test,
0.400 g. Cl form resin per test.
28 days equilibrium time.
Water regain
0.50
0.530;6l
0.67
0.74
0*83 
0.90 .
R
1.86
1.74
1 .72
1.42
2.50
1.73 
2.55
Water regain R
1.00 2.99
1.12 2.08
1.33 3.49
1.50 3.49
■1.87 4.07
1.92 3.46
Final pH I .06
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TABLE A22
Variation of R with water regain for DaVoB, 
cross-linked resin_
100 ml, 0*151 M in Mo molybdate solution (pH 5«26) per test. 
0.500 g. Cl form resin per test.
14 days equilibrium time.
ir regain Final pH R Water regain Final pH R
0.49 5.18 1.05 6.2 5.41 . 2.22
1.12 5.30 1.59 9.6 5.41 2.13
1.50 5.38 2.07 12.9 5.41 2,12
2.0 5.39 2*17 18.5 5.41 2.17
4* 4 5.39 2« 14 37.0 5.41 2.25
TABLE A25
Variation of R with water regain for D0V 0Bo 
cross-linked resin (Ref.Fig.19)
100 ml. 0.151 M in Mo molybdate solution (pH 3.6l) per test, 
0.500 g. Cl form resin per test.
13 days equilibrium time.
Water regain Final pH R
0,49 3.51 1.81
1.12 3.64 1.96
1.5 3.77 2.50
2.0 3.76 2.60
4.4 3.78 2.65
6,2 3.77 2,66
. 9.6 3.78 2.64
12.5 3.77 2.64
1.85 3.77 2.6937.0 3.78 2.76
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TABLE A24
Variation of R with,water regain - "Ionic Sieve”
effect (Ref, Fig.20)
. 75-200 ml. 0.282 M in Mo molybdic acid/HCl solution (pH 1.06)
per test.
1 .00-3*00 g. Cl form resin per test.
31 days equilibrium time.
iter regain Final pH R Water regain Final pH R
0.18 1 .0 1 0.22 1.94 1.03 3.78
0.31 0.99 0.78 2.55 1.04 4.27
0.32 0,98 1.48 3.43 1,04 4.76
0.75 0.97 1.76 5*4 1.03 4.86
0.96 1.00 1.88 6.5 1.07 3.10
1.20 1.00 2.13 9.2 1.07 4.87
i.a 1.00 2.38 12.0 1.04 4.97
1.62 1.0 1 3*13 15.0 1,04 4.91
1 .7 7 1.04 3.29 22.3 1.04 5.00
TABLE A25
Variation of R with water regain - "Ionic Sieve"
100 ml. O.I89 M in Mo molybdate solution (pH 3.38) per test. 
0.750-2.2j50 g, Cl form resin per test,
23 days equilibrium time.
Water regain Final pH R Vfater regain Final pH R -
0.18 3.12 0.73 1.41 3.64 2.29
0.31 3.23 1.17 1.62 3.65 2.470.32 3.40 60 1.94 3.61 2.58
0*75 . 3.41 1.63 9.2 3.61 2.65
0.96 3.50 1.8 7 22.5 3.61 2.631.20 3.61 2.01
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TABLE A26
Variation of R with water regain - 11 Ionic Sieve" 
effeot (Ref. Fig.20)
100 ml, 0.121 M in Mo 12-molybdophosphorio acid solution
per test*
0,750-2.230 g, Cl form resin per test, 
25 days equilibrium time.
Water regain Final pH R
0.18
0.52
0.96
1.41
1*77
2*55
3*43
4 . 4
6.3
9.2
15.0
22.3
1.30
1.48
1.40
1.42
1.50
1.51 
1*55
1.55 
1.58
1.55
1.55
1.56
1.74
1.95 
2,01 
2.59 
3.45 
3.53
3.93
3.94 
4.29 
3.77 
3.97
3 . 9 6
- 1 3 2 -
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4.1. FURTHER EVIDENCE FOR A TWO STFP- AGGREGATION
The formation of only two condensed molybdate ions has been 
indicated in a number of ways in the experimental work above. For 
example, the plots of R against pH, R against H+/Mo and R against water 
regain were unanimous in displaying only one inflection (at R = 2) 
between the minimum and maximum R values obtained (R = 0.5 and R = 5*0 
resp.). These v^ ere the obvious indications of a simple two step con­
densation, b'ut further evidence, not dealt with hitherto, existed in a 
small displacement of equilibrium brought about by the addition of resin 
to the various molybdate solutions.
Because of the individuality of resin - molybdate ion affinities, 
due to the nature of different resins and the differences in size and 
perhaps charge of the molybdates, no single resin will display equal 
affinity for different ions. It is this fact that leads to ,the slight 
displacement of equilibrium on the addition of resin to a solution con­
taining more than one molybdate ion, for, as one ion is removed preferen­
tially the proportions of the remaining ions in external solution are 
changed by condensation or decohdensation in such a manner as to replace 
the ion being extracted* This results in a consumption or release of 
protons according to the general formula ;
■* + 2xH+ ^  H2y-6x Mox°y * ~ v t y
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the nett effect of which is to combat the upset caused by the resin 
preference and so the system attains an equilibrium slightly displaced 
from the original state.
As pH measurements can be made before and after the addition of 
resin, a means exists for the detection of such shifts in equilibrium. 
Moreover, it can be stated that if the change in pH is zero (8pH ~ 0) 
the solution will contain only one molybdate ion, if 6pH is positive the 
change of equilibrium has involved condensation or protonation and if 8pH 
is negative, decondensation or deprotonation has occurred. Thus in Fig.21 . 
where 5pH is plotted for the experimental series of Fig.20 (Tables A24 - 
26), the fact that 6pH was negligible for all those tests of the pH I .06 
series where steric obstruction was not occurring (water regain y  5 ) , is 
proof of the near sole existence of the R value 5 ion. The argument is 
also supported by the heteropolymolybdate results which also show a\ 
negligible 5pH (at water regain 4) in agreement with the known sole 
existence of that ion in acid solution. On the other hand the positive 
value of 8pH found for the pH 3«38 series over the complete range of 
resin porosities for which free access of ions was possible (water re- 
gain >  2), leads to the conclusion that the final R value obtained in j
Fig.20 was due, as postulated, to a mixture of ions presumably R = 2 and j
. - ■ • ' ' • i
' ' ' • JR s  5* Because of its higher affinity for the resin the concentration
\' j
of the larger (R = 5) ion has been depleted in the external solution
FIGURE 21.
Variation of SpH with resin porosity (Ref. Tables A 2 4 -2 6 )
8pH
FIGURE 22.
pH
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and this depletion offset by an aggregation of the smaller ions with 
a consequent slight increase in pH*
It should be mentioned thab in the test referred to above the 
ion of R value $ does not have uninhibited access to the resin at water 
regain value of 2 or just below. However, this ion is beginning to 
penetrate the outer sphere of the resin beads and it is this contribution 
that raises the final mean R value above 2 at a water regain which from 
Fig,20 is too low to permit unobstructed entry of the largest ion.
In the regions of all three curves in Fig,21 which correspond 
to resins of low water regain (low porosity) and for which exclusion of 
the R value 5 ion is occurring, the decrease in 5pH indicates degradation 
of this ion in external solution due to sorption of the smaller molybdate 
ions which are present in equilibrium with it. These ions are replaced 
by the degradation reaction as they are sorbed by the exchanger, to re­
establish a state of equilibrium, •
For a given molybdate solution and for a given resin, which has 
pores large enough to admit all species present, the presence of more 
than one ion in the solution will lead to a change of pH, on the addition 
of the resin. If on varying the pH of the initial solution (before 
addition of resin) a new condensed molybdate appears, this, because of 
its individual resin affinity, will lead to a modification of 8pH (after 
addition of resin). This change will reach a maximum where the preferential
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sorption of the new ion causes maximum displacement of the solution 
equilibrium. As no two condensed ions will have identical affinities, 
separate maxima should indicate the occurrence of individual condensations.
Fig.22 shows plots of 5pH against final pH for the variation of R 
with final pH from Figs. 10, 11 and 12 (Tables A9 - 11), Although the 
pH values recorded before the addition of resin were not measured 
accurately (an approximate check being made to ensure a reasonable spread 
of the final pH), the occurrence of two distinct 8pH maxima reproduced in 
each graph at approximately the same pH, supplies good evidence for just 
two condensations.
The following semi-quantitative consideration of the affinity 
differences between molybdate ions indicates that where the newly formed 
ion is of higher affinity than those existing, a maximum in 5pH will 
appear soon after the first appearance of this ion.
It has already been suggested that the affinity of the simple 
molybdate for the resin is greater, than that of chloride and that the 
condensed ions have a still higher affinity. Proof of the first proposi­
tion can be supplied by calculation of the practical selectivity coefficient<
2 -  ' •
K^ oC>4 mentioned earlier (1.4.)* Thus in the test at pH 6,99 (Table
c r
All, Fig,12)
**137-
MoO. 2" ÏMûOn (cil 2 A m e  aK ^ J i _ 0.105 x 0.875 _
Cl" ^Mo0‘|JcTj 2 0,895 x 0.1252
(Concentrations are expressed as mole fractions of the total
molybdenum and chloride inventories and barred concentrations refer to
the resin phase)
The fact that this value is higher than 1,0,(which corresponds
to no selectivity), is adequate proof of the greater resin affinity of 
2- _Mo0^ over Cl , The still higher affinity of condensed to simple
molybdate is apparent from the lower equilibrium concentration of chloride
on the resin in those tests containing a small concentration of the con-
2-  -densed ion in addition to Mo0^ and Cl • Thus the percentage of sites 
occupied by molybdates showed a steep rise to near 10CÇ5 on the appearance 
of a larger aggregate as the equilibrium pH dropped below 7 in Figs, 10,
11 and 12.
Using arbitrary values greater than 1.0 for the selectivity co-
2—efficient of the first formed condensed ion (A ) and simple molybdate, 
the following two tables show the displacement of equilibrium in relation 
to the degree of selectivity* assuming the ions have a similar charge.
It will be appreciated that the compensatory effect of increased pH due 
to the equilibrium shift has not been taken into account in these tables 
and that the position of maximum displacement rather than the magnitude 
of this displacement is being established.
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TABLE 15
K ^  p “• 6 (assumed)
MoO£"
Soln..
r 2-1
i> j 0 1 2.5 5 10 20 30 4° 50
r 2*3 100 99 97.5 95 90 80 70 6o 50
Resin. [A2“]S~. 0 é 13 24 40 6o 72 80 86
\ tMo\ 2J 100 94 87 76 60 40 28 20
■ *
TABLE 16
r;tf irw *m .w*  fi+ rmrn
K = 20 (assumed)
Soin*.
ros if If 0 1 2.5 5 10 20 30 40 50
100 99 97.5 95 90 80
. .  7 0
60 50
C*2-] 0 17 34 51 69 83 90 93 95
A k V  M  Jw iA * *
K 3 100 83 66 49 r— —
31 17 10 7 5
* Position cf maximum displacement
From the distribution of ions in solution and on the resin in 
Tables 15 and 16 the upset in equilibrium that would be brought about by 
difference in affinity is apparent. It will be observed that the greater
• ' j
l
* * • • T
' ‘ • • ’ ’ II
’ * .1' • " \
• ‘ * . iIi
" ‘ ■ ' . * , j• ' I
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2—  2—the difference of affinity between A and , the sooner after
the appearance of the new ion does the maximum upset occur#
If reference is made to Fig. 22 and the increasing order of 
affinity Cl "C first condensed ion ^ 2nd condensed ion is borne in mind, 
the incidence of 6pH maxima at oa. pH 6.7 and ca. pH 5 show that at * 
these pH values new ions have just appeared in solution, The pH 6,7 
maximum is in good agreement with the observed rise in R value above 
0,5 as pH dropped below 7 in Figs. 10, 11 and 12 and is obviously due 
to the appearance of the first condensed ion, v/hilst the maximum at 
pH 5 indicates the beginning of formation of the largest ian. The 
fact that this occurs soon after R has attained a value of 2 (Figs, 10,
11 and 12) is further support of the R value of 2.0 for the first
condensed ion.
4.2. IMTERFRETATION OF R VALUES
■ m b c a u M w u M j— m — w M 1 M I — w m ^ i a — ita a a j— — p im  r r — — — sc— — mmmmtm
The significance of the work described above lies mainly in the 
detection of only two condensed molybdate ions as the important species 
in acid molybdate solution and the establishment of their metal to charge: 
ratios of 2*0 and 5*0* Although the empirical formulae of these ions 
cannot be derived directly from R because it is merely the ratio of 
molybdenum atoms to ionic charge, it can he concluded that any of those 
ions reported in the literature which have R values not in agreement 
with the values found experimentally,are not likely to be present in any 
significant concentration. By this means and by consideration of other 
experimental evidence in the following interpretation the most feasible 
of the suggested ions of R value 2,0 is seleoted and in the absence of 
specific suggestions in the literature for an R value 5*0 specie a possible 
structure for this, the most condensed ion, is proposed,
¿*.,2,1, The ion of R value 0,5
2 -There can be no doubt that this ion is the simple molybdate Mo0^ 
found by all previous workers as the sole speoiegin alkaline molybdate 
solutions. In Fig, k  its sole existence is established by the plateau 
extending from pH 10,3 to pH 6,8 although it is widely reported as the 
only molybdate in more strongly alkaline solutions also. Below pH 6,8 
it is joined by the first condensed ion and exists in diminishing concen­
tration as the new ion becomes predominant at lower pH, There is evidence ?
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from the data presented in Figs, 4 and 5 to show that the simple ion may 
still be present, albeit at low concentration, down to ca, pH 3* ‘ The
revealed in the work described above. In the preliminary experiments, 
for example, a plateau on R = 2 was obtained when larger ions were denied 
access to the low porosity resin used (Fig.4)* In Fig,14a there is further 
proof of its existence in the horizontal inflection of the curve at R = 2,: 
while the "ionic sieve" tests also gave inflections at this value. Con­
clusive evidence came from the columnar hydrolysis experiments of Fig.15 
where breakdown of the lax'gest ion on washing the resin with water led to 
an extended plateau on R = 2 which was maintained over a wide variation 
in the total volume of wash-water throughput.
The ion»appears to exist in varying concentration over the pH range
6.8 to 1*0, the lower limit depending on concentration, At higher
2 —pH values it co-exists with MoO^ and in the lower range with the most 
condensed molybdate*. It is in greatest preponderance after the addition 
of 1.0 eq,H+/g.atom Mo(Fig.l4a) corresponding to an equilibrium pH of
pH of the inflection at the ratio of 1.5 H+/Mo in Fig,4 and the R value
of 2,0 attained at this pH in ,
38be tetrahedral in structure
4*2.2, Interpretation of R value 2.0
Abundant evidence for an ion of this metal to charge ratio is
ca, 5*5 to 6 (Figs, 10, 11 and 12), ' As solutions of less than 0,05 M 
molybdenum concentration do not exhibit the maximum R value of 5*0, the 
presence of the R value 2,0 ion in these over the entire acid pH range 
is indicated (Fig* 14b).
2 -An ion of R value 2 with the formula Mo^O^, has been widely 
suggested as the first condensed anion by many investigators, e.g. Douoet 
et al^**^, Carpeni“^ , Britton ana B e v a n ^ ^  and Cannon^*. Others to 
report on R value 2.0 ion, although not necessarily as the first product 
of condensation, were Jander^*^ ^3^° 6^21^ ), Brintsinger^ ’ ^ 9 ^  (H^Mo^O^-^") 
and Lindqvist^
An essential feature of any ion proposed as the first condensed 
species is that, its formation should involve the interaction of 1*5 equiva­
lents of H+/g* atom of molybdenum, in order to justify the inflection found
at this ratio in the pH titrations (3*2.), Referenoe to, the following
reactions shows that the three R value 2,0 ions mentioned fulfil this 
prerequisite,
4 MoO^2" + 6H+ Mo^01 2” + 3 HgO
(multiply by 2 throughout for MOgOgg^" )
6 MoO^2- + 9H+ H,Mog0213“  . + 3 HgO
Lindqvist’ s ion MOgOggV results from his X-ray investigation of the
solid ’tetramolybdate1 in which he found the unit cell to contain eight
38 45octahedrally co-ordinated molybdenum atoms 9 , -Later, as a result of
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35 2—speotrophotometric work , he suggested that this ion rather than Mo^O^
4—is the species present in acid molybdate solutions. However, the MogO^g
ion, which is shown in Fig,23, contains two 5 oo-ordinated oxygen atoms and
while the crystalline state may permit such a configuration it does not
seem likely that in solution these oxygen atoms, with an absolute maximum 
3of four sp orbitals available, could participate in five bonds,
\ *
The earliest workers, Jander and Brintzinger did not consider the
stereochemical features of their proposed ion, • However,
38 ■Lindqvist , in a review of the molybdates, has been able to produce such
an ion (shown in Fig,24) from six MoO^ ootahedra sharing edges and corners,
but again the presence of a 5 co-ordinate oxygen and in addition the
asymmetric nature of the ion seem to preclude such a structure,
2-The Mo^0^2 Is based on a tetrahedral distribution of oxygen
about molybdenum with each tetrahedron sharing one or more corners to give '
a linear or branohed molecule composed of four MoO^ tetrahedra in analogy
90with the tetrahedral co-ordination of chromium in the polychromates •
2-A M'vO, , ion of linked tetrahedra, the linear form of which is 4 13 ■
shown in Fig,25, therefore seems the most probable from structural con­
siderations, Furthermore, since it is considerably smaller than both the
4- 3-M°g02^ and H^MOgO^^ ions, this structure is more in keeping with the 
size differences indicated by the ion screening tests. It will be re­
called that the R value 2.0 ion, in being admitted to a resin of water
FICURE 23.
MOqO^ (Lindqyist)
FICURE 24.
MogO/i ( Lindciyist )
JFigure 25. Mo4°i32'
__        * _   _
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I f 'regain oa, 1, showed a size more Oomparable to the simple molyhdate than 
to the heteropoly reference ion PMo^^^Q^which was admitted at water regain . 
of oa,4 (of.Pig.20)* Due to the cage-like structure of this 12-molybdo-
phosphate ion (Fig,27) both MogOgg^ ^3^°6^21^ be closer in
2 -  : size to it rather than simple MoO^ ,
4*2.3. Interpretation of R value 3.0
It has been shown in the experimental work that the R. value of ions 
obtained from molybdate solutions with, acidities in the vicinity of pH 1.5 
always approaches 5. Originally it was assumed that this value repres­
ented the mean of R values of a mixture of ions and this was indeed indicated 
by the steep approach to 5 of the R value plots in Pigs. 10, 11 and 12,v 
However, on increasing the acidity of the molybdate solutions beyond
2.0 eq.H+/g,atom Mo (pure molybdic acid) by the addition of mineral acid, 
it became clear that R value plots, after the steep rise previously esta­
blished, levelled cff abruptly at about pH 1 to a steady value of 5.0,
It was further shown that the extent of this R value 5.0 plateau depended
upon the concentration of molybdenum in the solution and moreover, that
below a limiting concentration of oa, 0,05 M (in Mo) the R value of 5.0
was not reached, The establishment of this R value of 5 implies the
existence of one predominant ion under such conditions with a molybdenum 
atom to charge ratio of 5.0,
Previous investigations of the molybdates existing in very acid
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solutions have led the workers concerned to make predictions (mainly from 
ionic weight determinations) of ions containing perhaps 12, 16 or 24 
molybdenum atoms but there are no suggestions in the literature that would 
correspond to an ion of R value 5*0, In establishing this value, the 
possible existence of the 12, 16 or 24 molybdenum ions is denied, for any 
ion that has an R value of 5.0 must contain a number of molybdenum atoms 
whioh is divisible by 5* Therefore the possibility of the Keggin twelve
Qw.molybdenum cage structure (Mo-^O^q ) for the ion, in analogy v*ith the
91established structure of the metatungstate ion is precluded* This 
conclusion is supported by the fact that the largest isopolymolybdates 
separated from acid solution, unlike the crystalline metatuhgstates, are 
not isomorphous with the 12-heteropoly acids*
Although the R value 5.0 ion cannot have the Keggin structure it is 
reasonable to assume that the acidity at which it is formed will favour 
octahedral rather than tetrahedral arrangement of oxygen about the
38molybdenum atoms. All the solid isopolymolyb dates examined to date
are built up from octahedral MoO^ units as also are the heteropolymolyb- 
88 89 92dates 9 9 . This assumption is supported by a shift to longer wave­
lengths of spectrophotometric extinction curves on acidification of
34 35 93 94molybdate solutions which indicates a change in structure and
also by the trend to 6 co-ordination shown in the following table.
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TABLE 17
The co-ordination number of the hexavalent cations 
of group VIA in various oxy compounds*
Metal Simple oxy ion Condensed oxy ions Oxide
1st 2nd (and higher)
Cr 4(38) 4(90) 4(90) 6(98)
Mo 4(38) 4 ? 6 ? 6(96) -
W 4(38) 6(97,99) 6(97,99) 6(98)
Reference numbers in brackets.
The general principle that higher acidity favours the 6 co­
ordinate state is based on the assumption that sufficient negative charge
is transferred from four surrounding oxygen atoms to neutralize the Mo
2 -cation in the case of simple MoO^ , and perhaps Mo^O^ • ' However, on
reduction of the charge transfer by protonation of the majority of these 
oxygens, electroneutrality of the central atom is only maintained by in­
creasing the number of groups (-0H or -0- if condensation occurs) surround­
ing the molybdenum cation.
Because the R value 5#0 ion must have a number of molybdenum atoms 
which is divisible by 5 there may be 5> 10 o r perhaps 15 MoOg units in its 
structure. The way in which these are linked is not certain but to avoid 
an excessive build up of negative charge on the ion, it is essential that 
the MoO^ ootahedra should join by sharing sides at least and possibly by
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sharing sides and corners* In the latter case the oxygen atom, shared 
by adjacent sides and a corner becomes triply bonded and it is possible that 
this third bond is not so strong as those of the doubly bonded oxygen.
It seems unlikely that an oxygen, having assumed the 3,co-ordinate state 
will accept the positive charge of a proton as the first step in further 
condensation, so that subsequent condensation should involved only those
oxygens with one or two bonds. This leads to a two dimensional plate-like
• 9 5structure one MoO^ unit thick, Sturdivant has found this structure in
6 -  - • the paramolybdate ion Mo-^O^ and where the hetero*oation is normally 6 co­
ordinate this is the structure found for the 6-heteropoly ariids, e,g,
6-92 - *•TeMogC^ * The oxide MoO^ ultimately precipitated from concentrated
molybdate solutions by mineral acids has a similar structure consisting
96or extended layers of these plates .
In view of the fact that the R value 5 ion is formed at an acidity
somewhere between that of the paramolybdate solution and that required to
precipitate MoO^, a likely structure for the most condensed ion is the one
consisting of ten linked MoOg units shown in Fig.26. This ion would have an
overall sise slightly larger than the heteropolymolybdate (Figs. 26 and 27
are to scale) and would thus agree with the evidence from the screening
tests. With the basic formula of M o ^ O ^ ^  acquisition of two protons
2 —would give the ion with R value 5.0. It is possible to
suggest protonation without condensation for this ion as R value 5*0 was
* p'
' i
; .~i
..... . t .____________________
i
Figure 26. M o ^ O ^ “
Figure 27. Hio12C>403~
 . __
/
f d u n d  t o  b e  t h e  maximum s o l u b l e  s t a t e  o f  a g g r e g a t i o n .  An io n  c o n t a i n i n g  4,; 
15  m olybdenum  a to m s  seem s u n l i k e l y  f ro m  s i z e  c o n s i d e r a t i o n s  a s  a l s o  d o e s  
t h e  5 m olybdenum  i o n .  M o re o v e r , i n  th e  l a t t e r  c a s e  t h e  s y m e t r i o a l  i o n  
o f  5 MoO^ o c t a h e d r a  b u i l t  oh  t h e  sam e l i n e s  w o u ld  h a v e  t h e  r a t h e r  e x c e s s i v e  
c h a r g e  o f  -10  a n d  w o u ld  r e q u i r e  9 p r o t o n s  t o  g iv e  t h e  r e q u i r e d
R v a l u e  o f  5,0  (H ^M o^O ^ ) ,
‘ 2 -
The f i n a l  c o n d i t i o n  t h a t  t h e  p r o p o s e d  i o n ,  ^ 2^ ° 10^32 n iu s t m e e t 
i s  t h a t  i t  s h o u ld  s a t i s f y  th e  pH r e s u l t s  o b t a i n e d  ( 3 . 2 , ) ,  I t  h a s  a l r e a d y
' ' . 2 — ' •
b e e n  show n ( i f . 2 , 2 . )  t h a t  t h e  i n t e r m e d i a t e ; i o n  M o^O ^ maY b e  fo rm e d  f ro m  
t h e  s im p le  m o ly b d a te  b y  t h e  i n t e r a c t i o n  o f  1 . 5  e q .H +/ s » a i ° m Mo, t h e r e f o r e  
t o  a c h i e v e  t h e  t h e o r e t i c a l  o v e r a l l  c o n s u m p tio n  o f  2 ,0  e q .H ^ /g .a to m  Mo,
c o r r o b o r a t e d  b y  t h e  t i t r a t i o n  c u r v e s ,  th e  f o r m a t io n  o f  t h e  a c i d  ^ 2 ^ 2 ^ ° 10^32
+ / ■ . ' s h o u ld  r e q u i r e  a  f u r t h e r  0 . 5  ©q.H / g . a t o m  Mo. T h a t  t h i s  r e q u i r e m e n t  i s
f u l f i l l e d  may b e  s e e n  fro m  t h e  f o l l o w i n g  r e a c t i o n  :
-1 4 9 -
4 . 3 .  SUMMARY OF CONCLUSIONS«■ m i ■ ■ i m ü m — wmh lioiwt«
T a b le  1 8  show s t h e  r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n s  i n  a  c o n ­
d e n s e d  f o r m . I n  I t  t h e  R v a l u e s  fo u n d  U n d e r v a r i o u s  c o n d i t i o n s  a n d  t h e  
p r o p o s e d  io n s  c o r r e s p o n d in g  t o  t h e s e  v a l u e s  a r e  show n, t o g e t h e r  w i t h  som e 
a d d i t i o n a l  i n f o r m a t i o n  from , t h e  l i t e r a t u r e  c o n c e r n in g  i o n s  p r e s e n t  a t  v e i y  
lo w  m olybdenum  c o n c e n t r a t i o n s .
TABLE 18
N a tu r e  i f  
s o l u t i o n
m o ly b d ic  a c i d
+ NaOH o r  NH, OH 
• 4
p u r e  m o ly b d ic  
a c i d
e q .H +/ g , a t o m  Mo A p p ro x .p H  Mo c o n c e n ­
t r a t i o n  M.
•<
0- -
0 .5
0 . 5
1 .5 .
1 . 5
2.0
2.0
2.0
2 , 0
6 . 8  a l l  o o n c s ,
-  <  i c A
6 . 0  t o  6 .5  >  0 .0 5
<  1 0 " ^
3 . 0  t o  3 . 5 > 0 . 0 5
< .  lO - ^ *
2.0  0.05
1 . 5  0 .1 7
1.2 > 0.40
R v a l u e
0 .5  
0 .5  
1 . 7
MoO
Io n
2 —
M o0^
2—
2 -
0 .5
2 .5
( MoO,
( 4
( M O ^ 2 '
2 —
Mo04
Mo4 ° i 3 :
(H2Mo.i o ° 3 2 :
0 .5 MoO
2 -
4
2- 
2-
5 . 0  H2Mo1 0 03 ? 2-
4* 7 (
4 . 9  ( H2Mo1 0 °3 2
-1 5 0 -
TABLE 18 (Contd .)
N a tu r e  o f  
s o l u t i o n
M o ly b d ic  a c i d  
+ HG1 o r  HNO.
e q .H +/ g , a t o m  Mo A p p ro x .p H Mo c o n c e n -  R v a l u e
t r a t i o n  M.
Io n
2 .5
2 .5
2 .5
<  l . o
1 . 0
<  IO - 4 *
<  0 .0 5
> 0 . 0 5
0 .5 Mo 0 ^ 2 -
c a . 4 . 7  ( Mo. 0- *
( '4  1 5
^ H2Mo1 0 ° 3 2
2^
5 . 0
*  Talc en  f ro m  r e f e r e n c e s  23 a n d  9 4 .
H2M°1003 2
2 -
2 -
A t a c i d i t i e s  g r e a t e r  t h a n  2 .5  ©q.H / g .  a tom  m olybdenum , H ^M o^O ^^ '
b r e a k s  down i n t o  m o ly b d e n y l c a t i o n s  w h ic h  on  a d d i t i o n  o f  f u r t h e r  h y d r o c h l o r i c
a o i d  fo rm  .com plex  a n io n s  c o n t a i n i n g  c h l o r i d e .  W ith  n i t r i c  a c i d  t h e  c a t i o n i c
s t a t e  i s  f a v o u r e d  th r o u g h o u t  t h i s  r e g i o n  o f  h i g h e r  a c i d i t y .
I t  s h o u ld  b e  m e n t io n e d  t h a t  t h i s  w o rk  h a s  r e v e a l e d  no e v id e n c e  t o
s u p p o r t  t h e  e x i s t e n c e  o f  t h e  p a r a m o ly b d a te  i o n  (M O yO ^ , R = 1 , 1 7 ) a s  a
s i g n i f i c a n t  s p e c i e s  i n  m o ly b d a te  s o l u t i o n s .  A lth o u g h  i t s  p r e s e n c e  a s  a
2-  2-
k i n e t i c  i n t e r m e d i a t e  b e tw e e n  MoO^ a n d  ^ 2 ^ ° 1 0 ^ 3 2  m us^  a d m i t t e d ,  due  
t o  th e  f a c t  t h a t  common ammonium m o ly b d a te  (N H ^ g M O y O ^ ^  H^O i s  c r y s t a l l i s e d
fro m  s l i g h t l y  a c i d  s o l u t i o n ,  i t  i s  u n l i k e l y  t h a t  i n  s o l u t i o n  t h e  d i s c r e e t
6 -  . ,M O yO ^ i o n  e x i s t s  t o  a n y  a p p r e c i a b l e  e x t e n t  a s  a  s t a b l e  e n t i t y .
Summing u p , t h e  m a in  o u tco m e  o f  t h e  w ork  h a s  b e e n  t o  r e v e a l  o n ly  tw o
is o p o ly m o ly b d a te  i o n s  i n  m o ly b d a te  s o l u t i o n s  o f  pH v a l u e  l e s s  t h a n  7 . 0 ,
2-  2-
A lth o u g h  t h e  i d e n t i f i c a t i o n  o f  t h e s e  a s  M o^O ^ a n d  ^ 2 ^ ° 1 0 ^ 3 2  c a n n o ^
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f i n a l ,  t h e  m e ta l  t o  c h a r g e  r a t i o s  o f  2*0 a n d  5 * 0  f o r  t h e  i o n s  i s  n o t  
i n  d o u b t*  The i o n  o f  R v a l u e  2 * 0  w h ic h  i s  l a r g e  b y  c o m p a r is o n  w i t h  m o s t 
i n o r g a n i c  i o n s ,  i s  n e v e r t h e l e s s  much s m a l l e r  t h a n  t h e  i o n  o f  R v a l u e  5 . 0 ,  
w h ic h  w i t h  t h e  s t r u c t u r e  show n i n  F ig *  26 w o u ld  h a v e  a  maximum d im e n s io n
o f  c a .  1 4  A n g stro m s*  M o ly b d a te  s o l u t i o n s  o f  pH 7 * 0  c o n s i s t  m a in ly  o f
2 -  2 -  - t h e  s im p le  Mo0^ i o n s  w h ic h  c o n d e n s e  r a p i d l y  to  w i t h  i n c r e a s i n g
a c i d i t y  u n t i l  t h e  s im p le  i o n  c e a s e s  t o  b e  p r e s e n t  a t  a  d e t e c t a b l e  c o n c e n ­
t r a t i o n  ( e x c e p t  i n  v e r y  d i l u t e  s o l u t i o n )  a t  a  pH v a lu e  o f  c a .  5 * 5 .  T h is
i o n  o f  R v a l u e  2 .0  i s  t h e  d o m in a n t e n t i t y  a t  pH v a l u e s  c a . 5*5  w h i l e  b e lo w
2 - '"  ■ 
t h e s e  v a l u e s  t h e  l a r g e s t  i o n  f y ^ ° 1 0 ^ 3 2  b e g i n s  b °  fo rm  a s  t h e  l a s t
t r a c e s  o f  s im p le  m o ly b d a te  d i s a p p e a r .  A t pH v a l u e s  o f  c a .  1 . 0  a n d  lo w e r  
( i* e *  a t  a c i d i t i e s  o f  c a .  2*5  H*/^-0 ) t h e  l a r g e  i o n  p r e d o m in a te s  a n d  i n  
s o l u t i o n s  c o n t a i n i n g  m ore t h a n  0.05 g . a t o m / l  o f  m olybdenum  i s  v i r t u a l l y  
t h e  s o l e  m o ly b d a te  s p e c i e s  p r e s e n t .  E s t a b l i s h m e n t  o f  a n  R v a l u e  o f  5 . 0  
f o r  t h e  l e a c & s t  i o n  a n d  a l s o  i t s  p r e p o n d e r a n c e  i n  c o n c e n t r a t e d  s o l u t i o n s  
r e p r e s e n t  t h e  f i r s t  d e f i n i t e  e v id e n c e  f o r  t h e  i o n i c  s t a t e  o f  h i g h l y  a c i d  
m o ly b d a te  s o l u t i o n s ,  • ' ■
I n  th e  p r e s e n t  W o rk , t h e  u s e f u l n e s s  o f  t h e  i o n  e x c h a n g e  t e c h n iq u e  
f o r  f o l l o w i n g  p o l y - a n i o n  f o r m a t i o n  i n  a q u e o u s  s o l u t i o n  h a s  b e e n  c o n f i r m e d  
a n d  e x te n d e d  b y  o b s e r v a t i o n  o f  t h e  s m a l l  s h i f t s  i n  e q u i l i b r i a  i n  t h e  
a q u e o u s  p h a s e  c a u s e d  b y  t h e  s e l e c t i v i t y  o f  t h e  r e s i n .  T hus t h e  s e l e c ­
t i v e  s o r p t i o n  o f  one i o n  f ro m  t h e  s o l u t i o n  i s  c o m p e n s a te d  b y  th e  f o r m a t io n
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o f  f u r t h e r  i o n s  o f  t h i s  ty p e  b y  c o n d e n s a t io n  o r  d e c o n d e n s a t io n  
r e a c t i o n s *  T h e s e  r e a c t i o n s  a r e  a c c o m p a n ie d  b y  a  c h a n g e  i n  pH o f  
t h e  s o l u t i o n ,  w h ic h  p r o v i d e s  a n  i n d i c a t i o n  o f  t h e  ty p e  o f  r e a c t i o n  
i n v o l v e d  a n d  o f  t h e  f o r m a t io n  o f  i n d i v i d u a l  i o n s .  T h is  e x t e n s i o n  
s h o u ld  b e  a p p l i c a b l e  t o  o t h e r  s y s te m s ,  p a r t i c u l a r l y  th o s e  w h e re  i o n  
f o r m a t io n  i s  pH d e p e n d e n t .
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